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THE DETERMINATION OF VAPOUR AND LIQUID COMPOSITIONS 

IN BINARY SYSTEMS 

I. Methyl Alcohol-Water 

BY J. B. FERGUSON AND W. S. FUNNELL 

The composition of the vapour in equilibrium with a binary liquid has 
been determined experimentally by various methods. Dobson^ passed an 
inert gas over the liquid and condensed and analysed the vapour, whilst 
RosanofT et aP and Sameshima^ used various modifications of the method in 
which part of the liquid is distilled off and the composition of both the dis¬ 
tillate and residue determined. ('Unaeus'* employed an interferometer method, 
and with it, preliminary experiments were carried out by Hoover and Glasscy®. 
More recently, Calingaert and Plitchcock® have devised a method based upon 
the volume relations of the system at equilibrium. 

Although excelhmt results wore obtained by some of these, there appeared 
to be a need for a method in which the uncertainties with respect to the 
attainment of equilibrium, and to the assumptions underlying the calculations 
would largely be eliminated, and in which only small samples would be re¬ 
quired. 

The perfection of a convenient form of all-glass circulating apparatus by 
Funnell and Hoover^ made possible the construction of an apparatus which 
appears to meet, in some measure, the above requirements, and a description 
of this apparatus, together with the results obtained by an investigation of 
the system methyl alcohol-water at 39.90^0. is given in this paper. 

Method 

1. A weighed sample, of known composition, which need not be air free, 
was distilled into the apparatus. 

2. The vapour was circulated over the liquid until equilibrium was 
obtained. 

3. The pressure of the system at equilibrium was observed. 

4. A known volume of the vapour was condensed and weighed. 

The results were calculated by the following methods: 

I. The weight of the total vapour was found from the weight of the 
vapour condensed and the weight of the residue was obtained by difference. 
The composition of the residue was obtained from a total pressure curve and 
the composition of the vapour was then calculated. This method requires a 
curve of such a type that the composition can be determined accurately from 
the total pressure and the only assumption is that the weight of the vapour 
is directly proportional to the pressure and volume, and inversely to the 
temperature on the thermodynamic scale. This assumption was used for a 
correction of only a few percent. 
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II. From the weight of the condensed vapour, its original volume, 
temperature and pressure, the composition was calculated, assuming that 
the mixed vapours form a perfect gaseous solution in so far as their densities 
are concerned. The total weight of the vapour and the weight of the liquid 
were obtained as in I and the composition of the liquid calculated. In this case 
the equilibrium pressure constituted an independent vapour pressure deter¬ 
mination. 

III. The composition of the liquid was obtained as in L The number of 
formula weights in the liquid was found by difference from those in the original 
sample and in the vapour, making the same assumptions as in II. From this, 
the weight of the liquid was found and hence the weight of the vapour and 
its composition. If this method is used alone the vapour need not be condensed 
and weighed. 

In a favourable case all three methods can be used and, if there are no 
experimental errors, give identical results. In general this may not be possible, 
but one or other of the methods may be applicable. In cases where it can be 
assumed that the vapour behaves like a perfect gaseous solution favourable 
compositions may be experimented with, and the abacus devised by Lash 
Miller* employed to obtain additional results. This abacus indicates whether 
the results are in accord with the Duhem-Margules equation and makes it 
possible to extrapolate from experimentally determined values in accordance 
with this equation which is an approximate form of Gibbs’ equation 97 (dt = o). 
In still more unfavourable cases the condensed vapour can be analysed by 
direct chemical or physical methods. 

The use of the three methods of calculation affords a check upon the 
fundamental assumption often made that the vapour is a perfect gaseous 
solution, but only in so far as density is concerned, since a knowledge of the 
specific heats and the heats of mixing would also be required to establish com¬ 
pletely the validity of the assumption. 

Apparatus 

The general design of the apparatus is indicated in Fig. i. During an 
experiment the liquid came in contact with Pyrex only and the vapour with 
Pyrex and mercury. 

A weighed sample of known composition, contained in a sealed tube, was 
placed in A, and the apparatus evacuated through stopcocks i, 8 and 9. Mer¬ 
cury was run through 8 and 9 to fill the outlet tube, and through 3 to seal 
stopcock I. The other mercury levels were at the bottom of the U-tubes. 
After the air thermostats. T2 and Ts had been brought up to temperature and 
a zero reading taken, liquid air was placed at the bottom of the small bulb in 
T3, the neck of the sample tube was broken off by means of the magnetic 
hammer, and the sample was completely distilled into the apparatus, as shown 
by the manometer reading. Mercury was then run through stopcock 4 into 
the U-tube and air admitted through i to force the mercury up into the 
capillary tube in T2. The liquid air was removed and cold water run through 
the copper coil in Ti until the sample had distilled over into R. Water was 
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Fig. I 

The Vapour Pressure Apparatus 
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then pumped from a large thermostat through the coil in Ti until the desired 
temperature was reached. This temperature varied ± 0.02 during the experi¬ 
ment, but was maintained at 39.90 ± o.oi for at least one half hour prior to 
reading the final pressure. The air thermostat T3 was maintained at 7o°C. 
and T2 at 42.5°C. 

The vapour was then circulated over the liquid in the reaction chamber 
R by means of the pump* which was run fairly rapidly at first and then the 
speed was reduced to a previously determined rate such that the circulation 
was slow enough for the slightly warmer vapour from T3 to be cooled by the 
cooling coil to the temperature of Ti before reaching the liquid, and no super¬ 
heating occurred. The pressure usually became constant in less than one hour, 
but the circulation was continued several hours longer; then the pump P 
was stopped and the pressure read. Mercury was run through 5 and 6 into 
the U-tubes, the trapped vapour condensed in the small bulb by means of 
liquid air and the bulb sealed off. The air thermostats were again brought 
up to temperature and the pressure of the residual trapped vapour obtained. 
The ends of the glass tubes attached to the small bulb were warmed, cooled 
and broken off and the tubes joined by a piece of clean rubber tubing. The 
bulb was then weighed and clean air drawn through until the weight became 
constant. Since small traces of mercury distilled into the bulb with the vapour 
it could not be heated. 

The air was then pumped out of the U-tube through i until the mercury 
became level and could be drawn off through 4. The apparatus was then 
evacuated through i until the level of the mercury in the other U-tubes 
permitted them to be emptied through 5 and 6. 

The temperature of the water thermostat was read on a precision mercury 
thermometer, freshly calibrated at the transition point for sodium sulphate 
decahydrate (32.384°C.) so that our temperature is according to the I.C.T. 
scale. 

The total volume of the vapour was 3394 cc. and the volume trapped and 
condensed 3300 cc. The volume of part of the apparatus, consisting of the 
circulating pump and the various connecting tubes, was determined by 
measuring the pressure when a known volume of air was introduced, whilst 
the bulbs were weighed empty and full of distilled water. 

The residual pressure after the condensation of the vapour was from 0.5 
to 3 mm. mercury. This pressure was caused by the condensation of vapour 
in the upper part of the condenser and when this happened there was no ad¬ 
vantage to be gained by waiting until it distilled into the colder part of the 
vessel. The temperature of the air bath T2 was read to 0.5° and of T2 to 0.1°. 
The manometer was read to o.i mm. and the air introduced with the sample 
would give rise to a pressure less than this amount. 

The effect of the speed of the circulating pump P on the vapour pressure 
of pure water was observed, and in this way a desirable rate was determined. 

* For convenience in operation our commutator was arranged so that the solenoids were 
alternately unexcited and it was short-circuited prior to starting and stopping the motor. 
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The System Methyl Alcohol-Water 

This system was studied by Wrewsky® and his results were apparently 
confirmed by a preliminary study by Hoover and Glassey® and by a more 
complete study at a lower temperature, 39.76°C. by Bredig and Bayer^® who 
also investigated the more dilute solutions. Upon examination, by means 
of the abacus, Wrewsky^s results appear to be subject to some systematic 
error which increased as the solutions became more dilute and a similar study 
of those by Bredig and Bayer proves that the vapour compositions for the 
dilute solutions are inconsistent with those for the more concentrated solu¬ 
tions. In addition, the partial pressures given by Wrewsky indicate that for 
water, there is first a negative and then a positive deviation from Raoult’s 
law. Since he indicates the same type of deviation for the system ethyl 
alcohol—water, whilst Dobson^ found only a positive deviation at a lower 
temperature, it seems probable that the positive and negative deviation was 
due to experimental error, particularly when the general properties of methyl 
alcohol and water are considered. This supposition has been confirmed by 
our study of the system methyl alcohol-water, and we believe that in the 
previous work a certain amount of refluxing occurred. 

Our materials were distilled water and methyl alcohol from a sealed 
bottle of Kahlbaum’s best grade, purchased in 1912, which a specific gravity 
determination showed contained o.22^7> water. For the water, we obtained 
a vapour pressure of 55.0 mm. mercury (oT\) wdiich may be compared with 
the I.C\ 7 \ value of 55.03 mm. and for the methyl alcohol wc obtained the 
value of 260.T mm. which, by extrapolation, leads to a value of 260.5 mm. for 
the pure alcohol. The equation of Raikes and Bowen^^ gives 255.1 mm. for 
the same temperature, but Wrewsky obtained a value of 260.7 mm. and Bredig 
and Bayer, at a slightly lower temperature (39.76°C.) observed a pressure of 
259.8 mm. Minor corrections might alter these results by i mm., but they 
arc in good agreement with our determinations. Wrewsky recorded his 
probable uncertainty as ± i.i mm. for his whole series of pressure measure¬ 
ments. 

A consideration of the values of the product PV for water vapour and 
methyl alcohol which are listed in I.(\T.^^ indicates that the densities of 
these vapours would not deviate appreciably from the theoretical value at 

Table I 


The Calculated and Observed Weights of the Mixed Vapours 


Vapour Composition 
Weight Percent 

Total 

Observed 

Calculated- 

Observed 

Alcohol 

Pressure 

Weight 

Weight 

60.8 

94.2 mm 

0.3820 g. 

+ 0.0010 g, 

68.8 

106.8 

0.4580 

+0.0014 

76.8 

126.4 

0.5602 

+0.0013 

82.1 

146.6 

0.6729 

— 0.0004 

92.2 

196.9 

0.9670 

+0.0011 
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the temperatures and pressure that we used. This conclusion is supported 
by the close agreement between the observed weight of the condensed vapour 
and the calculated weight obtained by method III, using for the formula 
weight of water 18.02 g., for methyl alcohol 32.04 g., and for the volume of 
one formula weight of vapour under standard conditions 22410 c.c. Some of 
these weights are given in Table I. 



Fig. 2 

Vapour and Liquid Composition 


Table II 

The Vapour and Liquid Compositions. Experimental Values. 
Temp. 39.90® C. 

_Weight percent alcohol_ 


Vapour 


Weight of 
Sample 

Total Pressure 
Mercury o®C, 

Wrewsky 

Ferguson 
and Funnell 

I 

Method 

II 

III 


SS.omm 


0 




0.4140 g. 

70.4 

7-25 




38.36 

I.0948 

81.9 

12.50 




so. 79 

I.6276 

94.2 

18.20 

18.40 

60.80 

60.22 

60.77 

1.5650 

106.8 

24.30 

24.50 

68.90 

68.5s 

68.80 

I.6470 

126.4 

34-30 

34.41 

76-95 

76.78 

76.79 

1.5628 

146.6 

46.00 

45.86 

82.08 

8:^ .24 

82.10 

1.6225 

174-4 

62.70 




88.03 

1.5582 

196.9 

75.00 

74.89 

92.21 

92.28 

92.19 


260.1 


99.78 
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These weights indicate that the vapours mix without a noticeable change in 
volume, and support the assumption that the mixed vapours may be con¬ 
sidered as a perfect gaseous solution. 

The liquid and vapour compositions which we obtained are given in Table 
II. Wrewsky^s liquid compositions were read from a smoothed curve of hia 
total pressures plotted against the weight percent of alcohol. 

The agreement between the values for the liquid composition is quite satis¬ 
factory and this confirms Wrewsky’s values for the total pressures. 

Fig. 2 represents what we believe to be the correct values for the vapour 
compositions plotted against the liquid compositions in weight percent, and 
our best values are indicated, together with those of Wrewsky and of Bredig 
and Bayer for their dilute solutions. 

Table III 

Vapour Compositions and Total Pressures. Temperature 39.90^0 
Weight percent Alcohol Total Pressure mm. Weight percent Alcohol Total Pressure mm. 


Liquid 

Vapor 

Mercury at o°C. 

Liquid 

Vapor 

Mercury at o°C. 

0 

0 

55 0 

40 

79*6 

136.6 

5 

30.0 

65.2 

50 

84.0 

153.8 

10 

45*3 

77.0 

60 

87*5 

170.0 

15 

55-7 

88.2 

70 

90.7 

187.6 

20 

63 -9 

97-7 

80 

94.0 

208.0 

25 

69.8 

108.5 

90 

97.1 

231.0 

30 

73-7 

118.5 

100 

100 

260.5 

35 

77.0 

128.0 






Table IV 




Partial Pressure. 

Temperature 39.90^0 


Liquid Composition 

Total 

Partial Pressure 

Mole percent Alcohol 

Pressure 

Alcohol 


Water 


0 

55.0 mm. 0 


55*0 


5 

730 

20.2 


52.8 


10 

90 -S 

39.8 


50 7 


20 

119 5 

74-4 


45*1 


30 

143 0 

101 . I 


41.9 


40 

160.5 

122.8 


37*7 


50 

176.5 

143*7 


32.8 


60 

192.8 

165.3 


27*5 


70 

209.0 

0 

00 

00 


21.0 


80 

225.2 

210.4 


14.8 


90 

242.8 

235.0 


7.8 


100 

260.5 

260.5 


0 


The interpolated values for the vapour composition and the partial 
pressures were obtained with the aid of the abacus.* When the abacus is set 
up, a series of curves can be traced across it, one of which is the solution of 
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the Duhem-Margules equation for the total pressure curve employed. This 
curve can be identified by one correct experimental determination, and the 
other determinations, if correct, and the equation applicable, must fall on 
the same curve. Tested in this manner, our results are consistent, and the 
curve taken appears to obey the boundary conditions, i.e. n, = o, p) == o; 
Hi = I, Pi = Pi, Wrewsky^s results, tested in this way, are slightly incon¬ 
sistent, and the curve on which the values for his weaker solutions lie cannot 
possibly obey the boundary conditions. There is no curve indicated which 
can be fitted to the results of Bredig and Bayer, since a line joining the points 
on the abacus representing their results for the dilute solutions actually cuts 
across a number of the curves representing possible solutions of Clairault's 
equation. 


Stunmary 

The system methyl alcohol-water has been investigated at 39.9o°C. by 
means of a new type of apparatus which requires only a small sample of 
material for each determination, and our results, together with those of 
former investigators, have been critically examined by means of Lash Miller^s 
abacus. 
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THE MUTAROTATION OF GALACTOSE 


BY THOMAS MARTIN LOWRY AND GILBERT FREEMAN SMITH 

In a recent papcr^ on “Consecutive Reactions in the Mutarotation of 
Glucose and Galactose/’ Worley and Andrews have produced evidence “that 
in each case there is an initial divergence from the subsequent uniform uni- 
molecular nature of the change,” but that “these divergences ... are in agree¬ 
ment with the requirements of an action proceeding in two stages with the 
formation of an intermediate substance.” The initial divergence was de¬ 
tected by working at o°C, but, since “the velocity of mutarotation for a rise 
of io°C is increased 2.8 times for glucose and 2.9 times for galactose,” the 
authors conclude that “at 25° the initial divergence would be completed 
within the first two minutes after mixing” and that this fact “accounts for 
the divergence not being detected at 20° or 25° by the polarimetric method.” 

The conclusion thus reached is in accord with a scries of recentlj^-published 
observations,^ whereby the unimoU'cular form of the mutarotation-curves 
was established “for glucose in aciueous methyl alcohol and for tetramethyl 
glucose in aqueous pyridine over a wide range of concentrations,” including 
both water and the two almost anhydrous solvents, but without taking into 
account any observations made during the first few minutes, when deviations 
from the unimolecular law might be attributed to a lag in the adjustment of 
temperature. The conclusions of Worley and Andrews in reference to galac¬ 
tose do not agree, however, with the observations which we had already made 
with this sugar, since the mutarotation-curves for galactose do not conform 
even approximately to the unimolecular law, but exhibit a drift in the ve¬ 
locity coefficient of perhaps 25^,7? which can only be eliminated by ignoring 
all the readings taken during the first 20 minutes at 20°. The deviations are 
indeed of an entirely different order in the cases of glucose and of galactose, 
since all the mutarotation curves for galactovse which have been plotted during 
the past forty years (with the exception of the recent observations of Riiber 
and Minsaas"* show an unmistakable drift in the velocity-coefficient, whereas 
no similar drift can be discovered in any of the earlier observations on glucose. 

The paper in which we first called attention to these persistent deviations^ 
included a complete mathematical analysis of the mutarotation curves of 
OL and jS galactose in 5-10% solutions in water at 20°. This analysis showed 
that the experimental data conform exactly to the equations for two consecutive 
unimolecular reactions^ as Worley and Andrews suspected on more general 

1 J. Phys. Chem., 32 , 307 (1928). 

* Lowry: Z. physik. Chem., 130 , 125 (1927). “Dynamic Isomerism of the Reducing 
Sugars.” 

* Ber., 59 , 2266 (1926). 

^ J. Chem. Soc., 1928 , 666. 

® Lowry and John: J. Chem. Soc., 97 , 2634 (1910). 
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grounds. It is therefore sufficient to postulate the presence of three sugars 
a, jS and in the solution, although the presence of additional sugars cannot 
be excluded by an analysis of this kind.^ If, however, we ignore the 7-sugars 
and make the rather unreasonable assumption that only three sugars are 
formed in an aqueous solution of galactose, our method of analysis enables 
us to calculate (i) the proportions of these sugars in the final equilibrium-mix¬ 
ture, (ii) the velocity-coefficients of the four unimolecular actions by which 
they are converted into one another, and (iii) the approximate rotatory 
power of the unknown intermediate sugar. The constants thus deduced for 
galactose at 20® were as follows: 

0.0207 0.0159 

« :?=i: M :?=±/? 

0.0494 0.0788 

28.5% 12.0% 59-5% 

173“ 58“ 63.5“ 

where the figures in the last line are the specific rotatory powers [a]646i of 
the three sugars. 

In the present communication we have described a simplified process of 
analysis, whereby the empirical formulae of these more complex mutarotation 
curves can be deduced almost as readily as in the more familiar cases in which 
the curves conform to the unimolecular law. This method has then been ap¬ 
plied in order to determine whether the velocity-coefficients are influenced 
by the concentration of the sugar in the solution. The new mea»surements 
which were made for this purpose show that this effect, if it exists, is too small 
to be detected on the scale of accuracy now available; the mutarotation- 
process therefore possesses the property, which is characteristic of unimole¬ 
cular reactions in general, that the velocity-coefficients are independent of the 
concentration, at least to a first approximation. On the other hand, by 
analysing a series of data for the mutarotation of a and ^ galactose at 0.8°, 
we have been able to determine the influence of temperature on the coeffi¬ 
cients of the equations, and to deduce a precise value for the temperature 
coefficient of one of the principal functions. The observations made at the 

^ It has often been supposed (see for instance, Baker, Ingold and Thorpe: J Chem. Soc., 
125 . 277 (1924)), that, if a mutarotation-curve obeys the unimolecular law, the third form 
of the sugar can only be a minor constituent of the equilibrium-mixture. A more complete 
mathematical analysis shows that this deduction is incorrect, since two consecutive re¬ 
versible unimolecular actions give rise to unimolecular mutarotation curves whenever ki 
== k2, k* = k^ and a + =» 2 (Smith and Lowry: loc. p. 671). This statement is 

true for all values of the relevant constants, and is therefore valid even if the intermediate 
sugar is the principal product of isomeric change. A similar error is made by Worley and 
Andrews, when they cite the absence of mutarotation in a synthetic mixture of a and 0 
glucose of suitable composition (which we had already established by our own experi¬ 
ments, see Cohen Festband, p. 144, footnote) as evidence that *^if an intermediate substance 
is formed, the rate of its transformation into a and jS glucose must be veiy much greater 
than that of its formation.This deduction is again incorrect, since mathematical analysis 
shows that if the preceding conditions are fulfilled, there are, as we pointed out, *'no theo¬ 
retical reasons for supposing that the formation of an equilibrium-proportion of the alde- 
hydic sugar, at the expense of a and sugars, could give rise to mutarotation in such a 
solution.” 
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II 


freezing-point also enabled us to compare the equilibrium-percentage of the 
o-sugar as calculated from our equations (which is entirely different from that 
deduced by Riiber and Minsaas) with the percentage deduced from measure¬ 
ments of the initial and final solubilities of the sugar in water at o°. 

Throughout this investigation we have used the method of analysis 
which is illustrated in Fig. i. In this diagram, the experimental mutarotation 
curves for a and jS-galactose are represented by the lines AF and CF. Analy¬ 



sis shows that the changes of rotatory-power for either sugar can be repre¬ 
sented as the sum of two exponential terms. The mutarotation-curves can 
therefore be reproduced by plotting the algebraic sum of the ordinates of a 
simple unimolecular curve RF or DF, of long period, and of a unimolecular 
curve of short period, the ordinates of which are represented by the vertical 
lines which form the shaded areas of the diagram. In order to analyse the 
experimental data, it is therefore only necessary to extrapolate the uni¬ 
molecular curves FG and FH back to zero time, in order to fix the position 
of the points B and D; the magnitude of the second exponential term can 
then be deduced from the differences between the observed curves AG, CH, 
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and the extrapolated unimolecular curves BG, DH. In practice, it is found 
that, when extrapolated to zero time, the later readings give uniform values 
for the rotations at B and D, the magnitude of which can therefore be de¬ 
duced from the average of a considerable number of independent observa¬ 
tions. When the points G and H are reached, the extrapolated values begin 
to increase towards the limiting values A and C. The residual rotations, 
represented by the shaded areas in Fig. i, can, however, be analysed as if 
they were independent unimolecular curves, in order to give the index of the 
short-period exponential. In this way, it is a simple matter to deduce the 
constants of the empirical equations 

Qa = Aie + Bie + C. 0 ^ = Ase + 626”““' + C. 

As usual, however, when dealing with experimental data, certain practical 
limitations are encountered. In the present instance, the weakest feature 
of the analysis is the extreme sensitiveness of the exponent m2 of the short- 
period term (which is responsible for a maximum change of rotation of only 
about 1°) to the effects of small variations in the value of the exponent mi 
of the much larger long-period term. Whilst, therefore, it is easy to fix the 
value of the principal exponent mi within about 1%, the values for the ex¬ 
ponent m2 of the small term can be varied by perhaps 25% by making minor 
adjustments in the value of mi. The ultimate effect, in the case of galactose, 
is that, whilst the equilibrium-proportion of the a-sugar remains fixed at 
about 29%, even when the constants of the empirical equations are varied 
somewhat widely, much larger variations are found in the distribution of the 
balance of 71% between the m and j8 sugars. The rotatory power deduced 
for the unknown /x-sugar is also extremely sensitive to variations in the con¬ 
stants of the equations. 

The values of the two exponents deduced by the preceding process from 
the new data recorded in the present paper are summarised in Table I. It 
will be seen that the principal exponent varies only from 0.0184 to 0.0193 

Table I 

Exponents of Empirical Equations for the Mutarotation of a and jS galactose 


Sugar 

Concentration 

Temperature 

mi 

m2 

a~Galactose 

8% 

0 

00 

0 

0.00216 

0.037 

” 

10% 

f) 

0.00216 

0.037 

a-Galactose 


20° 

0.0185 

00 

M 

d 

/ 3 - ” 



0.0192 

0.26 

a- 

7 % 

77 

0.0184 

0.18 

» 

7 - 7 % 

77 

0.0192 

0.26 

a- 

13% 

77 

0.0190 

0.25 

«- 

iS% 

77 

0.0186 

0.18 

^ ” 

15 % 

77 

0.0193 

0.2$ 




0.0189 

0.22 
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lor a temperature of 20°, but that three series of data for a-galactosc at 22, 7 
and 15% concentrations, which gave an average value mi = 0.0185, gave for 
m2 the value 0.18, whilst the three corresponding series for jS-galactosc, for 
which nil = 0.0192, gave the value m2 = 0.26; a similar value m2 = 0.25 
was given by the series for a 13% solution of a-galactose, for which the value 
of mi was 0.0190. 

These data show clearly that the values of the two exponents are in¬ 
dependent of the concentration of the sugar, within the limits of experimental 
error; and there is no reason to suppose that there is any real difference be¬ 
tween the values for a and / 3 -galactose, since the second exponent is the same 
for 13% a-galactose and for 15% /8-galactose. On the other hand, a definite 
contrast can be drawn between the constants deduced for 8% a and jS 
galactose at o.8°C' and the constants already deduced for a and /S-galactosc 
at 2o°C, as follows:— 

. o y 0a == 14.300“^^*°’^®^+ 1.400”°*^'*®^ + 18.8 \ ki = 0.0207 kj = 0.0159 

^ ( 0^ = + I + 18.8 / ks = 0.0404 k., = 0.788 

At 8° ^14.660“°'°®^^^’^+0.620”°-°^^*'+19.75 { ki = o.00239 k3 = o.00180 
\0^= 6.93C"^-””^“^*+o.46e'°-‘^^^^+19.75/k2 = o.oi344 k4 = o.2i63 

At 20° a : /u : /3 = 28.5 : 12.0 : 59.5 [a] = 173°, [/u] = 58°, [ 13 ] = 68.5° 
At o.8°a : fjL : ^ = 30.0 : 5.5 : 64.6 [a] = 175°, [/u] = 61°, [jS] = 66.4'" 

The temperature-coefficient of the principal exponent is given by these 
data as 0.0188/0.00216 for range of 19.2°, or a ratio of almost exactly 9 for 
20°, or 3 for io°C. 

In making this comparison we have not considered it necessary to calculate 
fresh values for the constants at 20®, although the values of m2 deduced by the 
simpler graphical method of analysis are higher than that deduced previously 
by a more complex mathematical analysis of the initial stages of mutarotation. 
The difference between these values is indeed perhaps a measure of the in¬ 
accuracy of the assumptions that must be made in order to carry out a mathe¬ 
matical analysis of data which conform so closely to the requirements of a 
three-sugar system. The values set out above are, however, inherently 
probable, at least as a first approximation, since they conform to the condition 
that the rotatory power of the intermediate /x-sugar must be nearly equal to 
that of /S-galactose, as is indicated by the horizontal start of the mutaro¬ 
tation curve for the latter sugar, moreover, they indicate that the optical ro¬ 
tatory power of the unknown sugar is affected by changes of temperature 
only to the same small extent as are the directly-observed rotations of the 
a and /8 sugars. 

The data set out above show that the proportions of a-galactose in the 
final equilibrium is not affected appreciably by small variations in the con¬ 
stants of the curves selected for analysis, and is, moreover, almost indepen¬ 
dent of temperature, whereas the proportions of the /8 and jx sugars are at 
the same time more variable and less trustworthy. It is, however, precisely 
at this point that our percentages differ most profoundly from the values 
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deduced by Riiber and Minsaas, who give the ratio a : /x • iS = 6.6i : 27,35 : 
60.04 at 20®, where only the jS-value agrees with our own, whilst the a-value 
is very much lower. Since, however, the a-sugar is the stable phase, it is 
possible to determine the percentage which persists in the final equilibrium 
by measuring its solubility in water before and after equilibrium has been at¬ 
tained, in accordance with a method developed for this purpose^ in 1904 and 
applied in the same year to aqueous-alcoholic solutions of glucose and galac¬ 
tose.^ These two sugars are too soluble to give trustworthy results when 
using water at ordinary temperatures, but the solubility in aqueous-alco¬ 
holic mixtures of various compositions showed that the proportion of a- 
galactose diminished from about 50% in anhydrous methyl alcohol to 35% in 
propyl alcohol containing 37 per cent of water. In the present experiments 
the solubility was reduced by making measurements at the freezing-point, 
where the calculated proportion of the a-sugar is 30% as contrasted with 
about 28% at 20®. 

Some difficulty was experienced in finding the correct minimum solubility 
of the unchanged a-sugar, but after several trials a concordant value a646i = 
8.4°, was obtained for the (final) rotatory power of the saturated solu¬ 
tion when warmed up to 20° in the polarimeter tube. After a condition of 
equilibrium has been attained by prolonged stirring of the sugar with water 
at o®, the corresponding reading was 22.6®. The proportion of the a-sugar 
in the final equihbrium-mixture is therefore 8.4/22.6 = 37%, on the assump¬ 
tion that its solubility in water is not affected by the presence of the a and jS 
sugars. These measurements show immediately that the inherently-improb- 
able ratio deduced by Riiber and Minsaas must be wrong, and that the higher 
percentage given by our own analysis is substantially correct. The difference 
between 30% and 37% can be taken as a measure of the errors introduced 
by the two assumptions (i) that the solubility of the a-sugar in grams per 
ICO cc. of solution is not affected by the presence of the products of isomeric 
change, and (ii) that only 3 sugars are concerned in determining the form of 
the mutarotation curves. 


Experimental 

Preparation of Materials. The a-galactose was recrystallized successively 
from acetic acid and ethyl alcohol. /S-galactose was prepared by the method 
of Hudson and Yanovsky® and gave an initial specific rotation [ajsiei == 63.5®, 
which was not reduced by several successive extractions with 80% alcohol. 

Observations qf Mutarotation, The galactose was weighed into a 20 cc. 
graduated flask and the reaction started by the addition of water at the 
requisite temperature. No accurate adjustment of the volume was at¬ 
tempted, since it was necessary to introduce the solution into the polarimeter 
tube very quickly in order to observe the rotation of the solution during the 
first two or three minutes. For this purpose the solutions wer^ transferred 

1 Lowry and Robwtson: J. Chem. Soc.. 85 , 1541 (1904). 

2 Lowry: J. Chem. Soc., 85 , 1551 (1904). 

® J. Am. Chem. Soc., 39 , 1022 (1917). 



Table II 

Mutarotation of a-Galactose in Water at 20° 

13 gm/ioo cc. da = 19.566+ 2.27e~‘®®®* + 24.61 

mi C Oa (calc.) 0a(obs) 0a(O-C) 
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to a 2 or 4 dcm, jacketed, polarimeter tube, through which water was pumpefl 
from a bath at constant temperature. In experiments at the freezing-point, 
cold water was circulated round the tube from a bath containing a mixtune 
of ice and water; condensation of moisture was prevented by blowing a slow 
current of dry air directly on to the cold end-plates of the tube. 

The data for a 13% solution of a-galactose at 20° are given in Table II, 
together with the numbers used in deducing the calculated rotations. Thus 
the extrapolated values of Ai are given in column 2. Column 3 shows the 
values of the unimolecular velocity-coeiEcient, k4, calculated in the ordinary 
way, whilst column 4 shows the values of the unimolecular coefficient, mi, 
when the first half of the reaction was neglected and the coefficients were 

Table III 

Mutarotation of Galactose in Water at 20° 


(a) 

2i% 

a-Galactose 




(b) 

2§% 


Galactose 

0a = 7-2 

76 " 

■. 0186 t 

. 7 Se 

^ + 5 

)- 5 i 

Ofi = 5 

l-Sie 

-. 0185 t 

+ 

.486 

-. 180 < 

' + 9-32 

Time 

8 ( 

Dal. 

0 obs. 

Diff. 

( 0 -C) 

Time 

0 cal. 

0 

obs. 

Diff. 

(O-C) 

2 

68 

16 

89 

16.89 

0 

.00 

2 

08 

6.27 

6 

30 

+0 

-03 

3 

25 

16 

77 

16.77 

0 

.00 

2 

6S 

6.28 

6 

27 

— 0 

.01 

3 

93 

16. 

64 

16.64 

0 

.00 

3 

18 

6.28 

6 

29 

+0 

.01 

4 

60 

16. 

51 

16.51 

0 

.00 

3 

68 

6.29 

6 

28 

— 0 

.01 

5 

S 3 

16 

35 

16.36 

+0 

.01 

4 

23 

6.30 

6 

29 

— 0 

.01 

6 

68 

16 

17 

16.17 

0 

.00 

4 

68 

6.31 

6 

30 

— 0 

.01 

8 

45 

15 

89 

15.89 

0 

.00 

5 

13 

6.32 

6 

32 

0 

.00 

10 

75 

15 

57 

IS-S 7 

0 

.00 

5 

68 

6.33 

6 

33 

0 

.00 

13 

07 

15 

29 

15.28 

— 0 

.01 

6 

SS 

6.36 

6 

34 

— 0 

.02 

16 

12 

14 

94 

14.92 

— 0 

.02 

7 

75 

6.40 

6 

39 

— 0 

.01 

19 

07 

14- 

64 

14.64 

0 

.00 

9 

68 

6.47 

6 

45 

— 0 

.02 

22 

10 

14. 

35 

14-336 

— 0 

.01 

II 

75 

6-55 

6 

53 

— 0, 

.02 

25 

80 

14- 

03 

14.01 

— 0 

.02 

13 

83 

6.64 

6 

63 

—-o. 

.01 

26 

38 

13- 

97 

13 97 

0, 

.00 

16 

60 

6.76 

6 

75 

~o. 

.01 

32. 

78 

13 - 

48 

13-47 

— 0. 

.01 

19 

52 

6.88 

6 

87 

0. 

,00 

38. 

20 

13 - 

10 

13.09 

— 0. 

,01 

22, 

50 

6.99 

6 

99 

0. 

,00 

43 - 

27 

12. 

77 

12.76 

— 0, 

01 

25 

83 

7-14 

7 

14 

0. 

,00 

50. 

38 

12. 

37 

12.38 

+0. 

01 

29 

05 

7.27 

7 

27 

0. 

,00 

58. 

00 

II. 

99 b 

12.01 

+0. 

Ol6 

34. 

05 

7-45 

7 

44 

— 0. 

,01 

71 - 

25 

II. 

46 

11.44 

— 0. 

02 

• 37 - 

30 

7-56 

7 

56 

0. 

00 

•83. 

80 

II. 

05 

11.07 

+0. 

02 

42. 

30 

7-716 

7 

72 

0. 

OO5 

98. 

68 

10. 

68 

10.69 

+0. 

01 

48. 

12 

7.88 

7 

88 

0. 

00 

123. 

93 

10. 

24 

10.25 

+0. 

01 

54. 

25 

8.03 

8 

04 

+0. 

01 

^ 35 - 

S 3 

10. 

10 

10.10 

0. 

00 

60. 

82 

8.18 

8 

18 

0. 

00 

00 


9 - 

SI 

9-51 

0. 

00 

68. 

57 

8-33 

8 

34 

+0. 

01 








87. 

12 

8.62 

8 

61 

— 0. 

01 








lOI. 

63 

8.78 

8 

78 

0. 

00 








121. 

95 

8-95 

8 

94 

— 0. 

oi 
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Table III (Continued) 

Mutarotation of Galactose in Water at 20° 

(c) 7% a-Galactose (d) 7.7% / 3 -Galactose 


©a = 2I.30e 

0 . 0184 t _^2 

.2oe ‘^^^*^+27.12 

c 

;- 57 e ® 

•'’^**‘+.846 

— 260 t 

+14-57 

Time 

0 cal. 

Bobs. Diff. ( 0 -C) 

Time 

0 . 

cal. 

9 obs. 

Diff.(O-C) 

4 

20 

47.86 

47.86 

0 

00 

I 

60 

9 

72 

9 

71 

— 0 

01 

5 

00 

47-43 

47-40 

— 0 

03 

2 

07 

9 

71 

9 

72 

+o^pi 

5 

97 

46. Q 4 

46-93 

— 0 

OI 

2 

42 

9 

70 

9 

71 

+0 

01 

7 

38 

46.29 

46.32 

+ 0 

03 

2 

68 

9 

70 

9 

71 

+0 

01 

8 

75 

45-70 

45-70 

0 

00 

2 

98 

9 

70 

9 

70 

0 

00 

10 

18 

45-125 

45-12 

— 0 

005 

3 

30 

9 

70 

9 

68 

— 0 

02 

12 

22 

44-376 

44-365 

— 0 

01 

3 

58 

9 

69 

9 

69 

0 

00 

14 

25 

43-^3 

43-65 

+ 0 

02 

3 

97 

9 

71 

9 

69 

— 0 

02 

16 

45 

42.97 

42.98 

— 0 

01 

4 

27 

9 

715 

9 

71 

— 0 

00. > 

17 

30 

42.71 

42.70 

— 0 

01 

4 

55 

9 

72 

9 

72 

0 

00 

19 

93 

41.94 

41-93 

— 0 

01 

4 

95 

9 

74 

9 

72 

— 0 

02 

23 

43 

40.99 

41.00 

+ 0 

01 

5 

25 

9 

75 

9 

73 

— 0 

02 

28 

23 

39.80 

39.80 

0 

00 

5 

62 

9 

76 

9 

75 

— 0 

01 

32 

33 

38.87 

38.87 

0 

00 

6 

00 

9 

78 

9 

78 

0 

00 

37 

63 

37.80 

37-77 

— 0 

03 

6 

55 

9 

81 

9 

80 

— 0 

01 

43 

28 

36.725 

36-725 

0 

00 

7 

10 

9 

84 

9 

83 

— 0 

01 

52 

47 

35 23 

35-23 

0 

00 

7 

83 

9 

89 

9 

87 

— 0 

02 

59 

10 

34 30 

34-30 

0 

00 

8 

50 

9 

93 

9 

92 

— 0 

01 

66 

72 

33.37 

33-345 

— 0 

02., 

9 

48 

10 

00 

9 

99 

— 0 

01 

74 

23 

32.55 

32-54 

— 0 

01 

10 

62 

10 

08 

10 

07 

~o 

or 

84 

28 

31.64 

31.02 

— 0 

02 

12 

32 

10 

21 

10 

T 9 

— 0 

02 

106 

08 

30.145 

30.15 

+0 

00. «> 

13 

15 

10 

27 

10 

27 

0 

00 

119 

35 

29.49 

29-51 

+0. 

, 02 

14 

03 

10 

33 

TO. 

33 

0 

00 

135 

25 

28.88 

28.92 

+0, 

•04 

14 

.85 

TO 

40 

TO . 

39 

— 0 

Oi 

150 

10 

00 

0 

00 

+0 

03 

16 

50 

10 

52 

TO. 

52 

0. 

. 00 

00 


27.12 

27.12 

0 

00 

18 

53 

10 

67 

TO 

67 

0. 

, 00 







21 

30 

10 

87 

10 

87 

0 

00 







24 

77 

1 I 

11 

I I . 

10 

— 0 

OI 







26 

53 

1 1 , 

22 

11 . 

22 

0 

00 







30. 

50 

1 1 , 

47 

11 . 

47 

0 

00 







35 

47 

11 

75 

11 . 

76 

+ 0. 

01 







38. 

03 

I I . 

89 

II . 

90 

+0. 

01 







44 

18 

1 2 , 

T 85 

1 2 

. 19 

+ 0. 

00.^ 







48. 

22 

12 . 

36 

12 . 

36 

0. 

00 







52. 

35 

12 . 

S 3 

12 . 

53 

0. 

00 







62. 

70 

12 . 

89 

1 2 . 

89 

0. 

00 







67. 

67 

13 - 

05 

13. 

06 

+0. 

OI 







72. 

32 

13- 

18 

13- 

18 

0. 

00 







88, 

12 

13 

54 

13. 

53 

— 0. 

OI 







98 

43 

13 ' 

73 

13. 

72 

—-o. 

.01 







112. 

67 

13 

93 

13. 

90 

— 0. 

03 







00 


14 

57 

14. 

57 

0, 

. 00 
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Tablh III (Continued) 

Mutarotation of Galactose in Water at 20° 

(e) 13% a-Galactose (f) 15% jS-Galactose 

0a= i9.2ie~®’®“**+2.ose"‘^“‘(+24.84 0^== io.68e~®’®“**+i.66e~®’®*®‘+28.ao 


Time 

6 cal. 

0 obB. 

Diff. (0-C) 

Time 

0 cal. 

0 obs. 

Diff. (0-C) 

«.o8 

43*12 

43*11 

—o.oi 

1.70 

18 

96 

18.97 

+0.01 

S- 7 S 

42.82 

42.79 

-0.03 

2.27 

18 

92 

18.9s 

+0.03 

6.3s 

42. SS 

42.52 

“0.03 

2.7s 

18 

92 

18.93 

+0.01 

8.30 

41.74 

41.74 

0.00 

3.28 

18 

91 

18.94 

+0.03 

9-97 

41.11 

41.10 

—0.01 

3-67 

18, 

92 

18.92 

0.00 

11.97 

40.44 

40.45 

+0.01 

4-55 

18, 

95 

18.97 

+0.02 

13-27 

40.03 

40.04 

• +0.01 

5-38 

19 

00 

19.02 

+0.02 

15-42 

39-38 

39*39 

+0.01 

6.27 

19 

09 

19.09 

0.00 

17.67 

38,75 

38.75 

0.00 

7.62 

19 

22 

19.22 

0.00 

19-50 

38.26 

38.28 

+0.02 . 

9.40 

19, 

45 

19-45 

0.00 

21.8$ 

37.68 

37-70 

+0.02 

11.87 

19. 

79 

19.78 

— O.OI 

24.75 

36.98 

37-01 

+0.03 

14.47 

20. 

15 

20.15 

0.00 

32.60 

35-33 

35-35 

+0.02 

17-58 

20. 

61 

10.60 

— O.OI 

35-07 

34-86 

34-86 

0.00 

21.22 

21. 

12 

21.08 

—0.04 

41.58 

33-71 

33-71 

0.00 

25.00 

21, 

61 

21.61 

0.00 

45-98 

32.99 

33-01 

+0.02 

29.00 

22. 

10 

22.09 

— O.OI 

47.07 

32.85 

32.87 

+0.02 

33-77 

22, 

63 

22.63 

0.00 

51-32 

32-24 

32.27 

+0.03 

38.95 

23 - 

17 

23*17 

0.00 

57-90 

31-38 

31-39 

+0.01 

45-87 

23 * 

80 

23.80 

0.00 

59.50 

31.20 

31.20 

0.00 

53-90 

24. 

43 

22.43 

0.00 

64.50 

30.62 

30.61 

■“O.OI 

62.75 

25. 

00 

25.09 

—0.09 

74.32 

29.66 

29.66 

0.00 

73-73 

25 * 

63 

25*63 

0.00 

85.60 

28.75 

28.74 

— O.OI 

83-17 

26. 

06 

26.04 

— 0.02 

100. 10 

27-83 

27-84 

+ 0.01 

92.85 

26. 

42 

26.42 

0.00 

118.3s 

26.96 

26.94 

— 0.02 

103-53 

26. 

75 

26.75 

0.00 

136.38 

26.36 

26.37 

+0.01 

120.02 

27* 

15 

27.17 

+ 0.02 

00 

24.84 

28.84 

0,00 

00 

28. 

20 

28.20 

0.00 


deduced from the observations made at 41 minutes and onwards. The next 
three columns show the partial rotations calculated from the three terms of the 
equation, namely the long-period term (col. 5), the short-period term (col. 6) 
and the constant term (col. 7); the sum of the three terms is given in column 
8, and the differences between the calculated rotations of column 8 and the 
observed rotations of column 9 are given in column 10. 

The data for the mutarotation of 2|%, 7% and 13% solutions of a-galac- 
tose and for 2^%, 7.7% and 13% solutions of /d-galactose at 20® are sum¬ 
marised in Table lU. The equation that fits the mutarotation curve is given 
at the head oi each series of data, and the differences between the circulated 
and observed values are shown in the ordinary way. In Table IV similar 
data are given for 10% solutions of a and jS-galactose at o.8°C. 
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Table IV 

Mutarotation of Galactose in Water at o.8°C 
(a) 10% a-Galactose (b) 10% jS-Galactose 

a == 14.006 + 0.026 19.75 

A —000216t , ^ ,/:^“0.037t i 

G/3 = 6.930 + 0.460 + 19.75 


Time 

0 cal. 

0 obs. 

Diflf.( 0 ~C) 

Time 

0 cal. 

0 obs. 

Diff. ( 0 -C) 

10 

34-53 

34 

56 

+0 

•03 

2 

13 

13 

29 

13 

•31 

•4-0.02 

13 

34-38 

34 

43 

+0 

•05 

3 

05 

13 

28 

13 

•31 

4-0.03 

17 

34-21 

34 

24 

+0 

•03 

3 

72 

13 

28 

13 

•32 

4-0.04 

22 

34-00 

34 

02 

+0 

.02 

4 

93 

13 

27 

13 

•32 

4-0.05 

27 

33-82 

33 

81 

— 0 

.01 

5 

75 

13 

27 

13 

•31 

4-0.94 

32 

33-62 

33 

60 

— 0 

.02 

6 

72 

13 

28 

13 

•31 

4-0.03 

37 

33-45 

33 

46 

+0 

.01 

8 

17 

13 

28 

13 

•31 

4-0.03 

42 

33-27 

33 

26 

— 0 

.01 

9 

65 

13 

28 

13 

•30 

4-0.02 

47 

33-11 

333 

06 

— 0 

•05 

II 

25 

13 

30 

13 

•30 

0.00 

56 

00 

32 

77 

+0 

■05 

12 

67 

13 

30 

13 

•31 

4-0.01 

64 

32-58 

32 

53 

—0 

.05 

14 

48 

13 

30 

13 

•31 

4-0.01 

72 

32-34 

32 

33 

— 0 

.01 

17 

42 

13 

32 

13 

•32 

0.00 

82 

32-OS 

32 

06 

+0, 

.01 

21 

83 

13 

35 

13 

•33 

— 0.02 

94 

31-74 

31 

70 

— 0. 

.04 

23 

70 

13 

37 

13 

•36 

— O.OI 

III 

31-30 

31 

23 

— 0 

07 

26 

68 

13 

38 

13 

.38 

0.00 

130 

30.82 

30 

82 

0 

.00 

32 


13 

43 

13 

•41 

— 0.02 

I S 3 

30.29 

30 

28 

— 0 

.01 

40 


13 

49 

13 

.48 

— O.OI 

183 

29,62 

29 

60 

— 0. 

02 

50 


13 

60 

13 

.58 

— 0.02 

232 

28.63 

28 

63 

0. 

,00 

65 


13 

77 

13 

•75 

— 0.02 

253 

28.24 

28 

24 

0. 

,00 

90 


14 

06 

14 

.04 

— 0.02 

297 

27.47 

27 

50 

+0. 

03 

no 


14 

30 

14 

. 28 

— 0.02 

330 

26.94 

26 

95 

+0. 

,01 

125 


14 

46 

14 

.46 

0.00 

370 

26.34 

26 

34 

0. 

00 

180 


15 

OS 

15 

.06 

4-0.01 

[410 

25.80 

25 

89] 



200 


IS 

25 

15 

.26 

4-0.01 

459 

25-19 

25 - 

22 

+0. 

03 

220 


IS 

44 

15 

45 

4-0.01 

476 

25.00 

25* 

03 

+0. 

03 

240 


15 

62 

15 

63 

4-0.01 

520 

24-52 

24. 

55 

+0. 

03 

283 


15 

99 

16 

02 

+0*03 

550 

25.22 

24. 

24 

+0. 

02 

325 


16 

32 

16 

33 

4-0.01 

580 

23-94 

23 - 

99 

+0. 

OS 

360 


16 

57 

16 

59 

4-0.02 

631 

23-50 

23- 

S 3 

+0. 

03 

391 


16 

77 

16 

78 

4-0.01 

00 

19-75 

19. 

75 

0. 

00 

415 


16 

92 

16 

92 

0.00 







460 


17 

19 

17 

22 

4-0.03 







505 


17 

42 

17 

44 

4-0.02 







547 


17 

68 

17 

65 

-0.03 







593 


17 

83 

17 

84 

4-0.01 







626 


17 

96 

17 

97 

4-0.01 







00 


19 

75 

19. 

75 

0.00 
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Measurements of Solubility. The saturated solutions were prepared bf” 
stirring the finely-powdered sugar (loo or 150 grams) with distilled wat^ 
(150 or 200 ec.) in a bottle surrounded by melting ice. After stirring for nett 
less than five minutes, 20 cc. of the solution were removed by means of a glaa 
filter, and the rotation observed as soon as the solution had been warmed t# 
20®. A trace of ammonia was then added, and the equilibrium-rotation was 
observed; the concentration of the solution could then be deduced by cont- 
parison with the corresponding rotations of solutions of a-galactose of knovNs 



Rotary Powers at 20 ° of Saturated Solutions of a-Galactose in Water at o®. 

strength. In order to determine the solubility of a-galactose in water, it was 
essential to use a sample which had been freed from all traces of jS-galactose. 
For this purpose the finely-powdered sugar was stirred with water at o® 
for about 10 minutes, and then drained as rapidly as possible. The residue 
had a lower solubility than the initial sample, but this was not reduced sub¬ 
stantially by repeating the process. 

The results obtained with two different samples of a-galactose before and 
after repeated extraction with ice-cold water are shown in Table V. The 
minitYimn rotation, aMei 8.4® in a 2 dm tube at 20®, is identical for both 
samples, and is probably correct within a few tenths of a degree, since al¬ 
most the whole of the purification was effected in the first extraction, and the 
values recorded subsequently (8.9 to 8.4) appear to depend almost as much 
on the speed with which the process of purification was carried through, as 
on the number of times it was repeated. The final rotation, a5Mi^*== ' 22.6®, 
of the two samples, after saturation during a period several dajrs, are also 
in close agreement with one another, and the ratio 8.4/22.6 = 37% therefore 
appears to be substantially correct. 
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The experimental data for these two samples are set out in Fig. 2, where 
the upper curve shows the initial rotatory power of a series of cold saturated 
aolutions immediately after warming up to 20°, whilst the lower eurve 
e^ows the final rotations of these solutions. The two curves approach one 
another and become coincident when equilibrium is attained. 

Table V 

Rotatory Power at 20° of Saturated Solutions of a-Galactose in Water at o°C 



Initial 

Final 

Sample A. 

9 - 5 ° 


Stirred with water 

8.6 


Stirred twice with water 

8.4 

22.55° 

Sample B 

9-65 


Stirred once with water 

8.9 


Stirred twice with water 

8.9 


Stirred three times with water 

8.6 


Stirred four times with water 

8.4 

22 . 63 *^ 


Summary 

(a) An account is given is a simplified method of analysing the complex 
mutarotation curves of a and /3 galactose. 

(b) On the assumption that only 3 sugars are present in the equilibrium- 
mixture, the percentage of a-galactose is found to be about 30% both at 20° 
and at o^C. 

(c) The general eorrectness of this proportion (as contrasted with the 
6.6% estimated by Iliiber and Minsaas) has been shown by measurements 
of the solubility of a-galactosc in water at 0°, which give an uncorrected pro¬ 
portion of 37% of the a-sugar in the equilibrium-mixture. 

Laboratory of Physical Chemistry, 

The University, 

Cambridge, England. 

June 7,1928. 



A STUDY OF THE REACTION BETWEEN NITRIC OXIDE ANl| 
HYDROGEN SULPHIDE* 

BY J. A. PIERCE 

Introduction 

The only direct references to a reaction between hydrogen sulphide aiid 
nitric oxide without the aid of an electric spark may be found in two brirf 
sentences in Gmelin-Kraut.^ Thomson is here quoted as saying that hydrogen 
sulphide reacts with nitric oxide in a few hours to form a small amount of 
nitrous oxide and ammonium sulphide. LeConte is credited with replying 
that they do not react with one another. 

In taking up an investigation of a possible reaction between nitric 
oxide and hydrogen sulphide we had, then, on one hand the contradictory 
statements of two chemists who labored in what has been aptly called 
the retort age of chemistry. On the other hand we had the unlimited field of 
the theories of present day chemistry to draw upon and convince us that sudi 
a reaction was theoretically possible. The instability of both nitric oxide and 
hydrogen sulphide from the thermodynamic point of view was, in itself, 
suflicient. Previous work in this Laboratory by Hasche and Patrick^ on the 
nitric oxide-oxygen reaction convinced us that there was much potential 
resemblance between that reaction and the possible one between nitric oxide 
and hydrogen sulphide. 

Our reasons for carrying on this work were, then: 

(1) To determine whether or not nitric oxide reacts with hydrogen 
sulphide, and (a) If it does, to determine qualitatively the resultants of the 
reaction. 

(2) To study the mechanism of the reaction; to determine whether it is 
an homogeneous gaseous reaction or one affected by the wall of the reaction 
chamber or by an added catalyst such as silica gel. 

(3) Hinshelwood and Green® believe that, in reactions affecting nitric 
oxide, two molecules of nitric oxide always enter into the reaction. We wished 
to test the validity of this theory, and determine, if possible, a general ex* 
planation of the mechanism of reactions of this type. 

(4) It is known that very few reactions possess a negative temperature 
coefficient. Practically all of those known have nitric oxide as one of the 
reactants. We wished to determine whether or not hydrogen sulphide shared 
with bromine, chlorine, oxygen and hydrogen this same peculiarity. 

* Contribution from the Chemistry Laboratory of the Johns Hopkins University. Con*' 
structed from part of a dissertation presented by J. A. Pierce to the Board of Umversity 
Studies of the Johns Hopkins University in conformity with the requirem^tl for the 
degree of Doctor of Philosophy. This work was su^estM by Doctors W. A.Tatrick and 
J. C. W. Frazer and carried out under their personaTsuperviBion. 

^ ‘Tiandbuoh der anorganischen Chemie,” IL 256 (1907). 

* J. An^. Chem. Soc., 47 , 1207 (1925). 

* J. Chem. Soc., 1926 , 730. 
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(5) Our preliminary qualitative work showed us quite clearly that the 
reaction between nitric oxide and hydrogen sulphide was not reversible and, 
froii theoretical aspects, could not be reversible—that it should go to com¬ 
pletion. However, we found a rapid drop in the rate of the reaction and a 
state of equilibrium rather difficult to explain on any grounds other than 
that of inhibition by one of the resultants. We wished to investigate this as 
fully as possible. 



Fig. I 


Apparatus 

The essential part of the apparatus used in this work consisted of a modi¬ 
fied form of the Klemenc^ manometer attached to a capillary mercury mano¬ 
meter provided with a leveling bulb. The simplicity of the apparatus elimi¬ 
nated many variables in the carrying on of the work. 

Fig. I shows in detail the arrangement of the Klemenc manometer as 
BOftdified by us. 


^ J. Am. Chem. Soc., 47 , 2173 (1925). 
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The funnel-shaped chamber in the interior of the reaction flask has wsMs 
of heavy P3a-ex, while the bottom is of extremely thin Pyrex. This tihte 
diaphragm is sufficiently thick to endure continual stress, but thin enottgli 
to respond instantly to any pressure exerted upon it. It was necessary to 
make several of these manometers before one was obtained which would give 
satisfactory results throughout a long period of use. The one finally accepted 
for the work is sensitive to at least o.i millimeter of mercury. 

The funnel-shaped chamber has, as its stem, a one-millimeter capillary 
tube 40 centimeters in length. By evacuating the chamber with its stem imder 
a fluid, and then releasing the pressure, the liquid was brought into the 
funnel and up the stem to any desired height. This capillary stem was pro¬ 
vided with a sliding gauge, the zero point of which was set at the meniscus 
of the fluid when the reaction chamber was at a pressure of one atmosphere. 

The fluid used in our work was alpha-bromonaphthalene fractionated to a 
constant boiling point and colored purple for greater ease in reading the 
meniscus. This compound was chosen for its high boiling point, low vapor 
pressure and low viscosity. Its greatest objection for work of this type is 
its large coefficient of expansion, which made it necessary for us to have the 
temperature of the thermostat constant to at least 1/500° C. However, it 
offers advantages not to be found in any other fluid we investigated. 

Stopcocks used were of the Greiner type. When properly fitted a test ex¬ 
tending over a week failed to show gaseous diffusion of any measurable 
magnitude. 

The mercury manometer was of the usual type, open at one arm and pro¬ 
vided with a leveling bulb. The bore of the glass tubing used was 2 milli¬ 
meters, insuring delicacy of reading. 

Projecting beyond the stopcocks were three tubes of capillary dimension: 
one leading to the pump, one to the source of hydrogen sulphide and the third 
to the source of nitric oxide. The sealed tube shown in the figure and pro¬ 
jecting vertically was used for the admission and removal of silica gel and 
glass wool. 

On account of the fact that it was necessary to remove the Klemoac 
manometer from the rest of the apparatus nearly every day for the purpose 
of changing the catalyst it was considered inadvisable to have glass-sealed 
connections between it and the other parts of the apparatus. Only three 
rubber connections were used, however, and these consisted of short pieces of 
heavy suction tubing securely wired and completely covered with Duco 
lacquer. 

Evacuation was carried out by means of an oil pump of the most recent 
design. Experimental use of a mercury pump and a McLeod gauge demon¬ 
strated that, no matter how many precautions were taken, hydrogen sulphide 
gas would penetrate through these pieces and render their accuracy doubtful. 
Since complete removal of oxygen was of more importance than a hj|^ 
vacuum, it was found that an off pump alone, with intermittent flushing with 
oxygen-free nitrogen, was tiie better usage. 
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The thermostat consisted of a ten-gallon oil bath fitted with propeller 
and the usual type of electrically controlled thermorcgulator. It was found 
possible to control the temperature over a reasonable length of time to almost 
o.ooi°C. Variation was rarely greater than o.o5°C, and in such cases the 
experiment was considered void. 

The reaction chamber was immersed in the oil bath until all parts of it 
were submerged except the stopcocks and the capillary stern. 

The Klemenc manometer functioned in the following manner: With 
atmospheric pressure in the reaction chamber the column of alpha-bromo- 
naphthalene remained—at constant temperature—at a height which may be 
designated as A. The sliding gauge was moved so that its zero point coin¬ 
cided with the meniscus of A. Evacuation of the reaction chamber by the 
pump caused a downward pull on the thin glass diaphragm, and lowered the 
column of alx)ha-bromonaphthalene exactly 60 millimeters. (The exact and 
constant lowering of 60 millimeters throughout the work indicated that the 
diaphragm had lost none of its original flexibility.) When gas was allowed to 
enter the chamber the column of fluid ascended to a height proportionate to 
the amount of gas admitted. The pressure of this gas could be measured by 
moving the leveling bulb and forcing the alpha-bromonaphthalene column 
back to its original zero point. This balancing pressure, subtracted from the 
existing barometric pressure, gave the pressure of the gas in millimeters of 
mercury. This is in accord with the technique of Klemenc. 

Exhaustive preliminary experiments were made to determine the direct 
ratio between pressure and volume as indicated by the rise and fall of the 
alpha-bromonaphthalene column. These results—plotted—gave a straight 
line which agreed, within the limits of experimental error, with calculated 
results. It was thus possible to measure accurately the volume of the gas in 
the reaction chamber at any time by the pressure exerted upon the diaphragm. 
To simplify the work and eliminate the necessity of using gas burettes and 
confining fluids, the measurement of the gases was earned out by deter- 
mimng their partial pressures and calculating the volume from the curve 
previously mentioned. 

In actual experimentation the initial total pressure of the gases was found. 
As the reaction proceeded and the total volume of the gases diminished, this 
decreased volume was determined by observing the decreased pressure. A 
change in pressure of o.i millimeter of mercury was easily read. 

Materials 

Hydrogen sulphide came compressed in cylinders and was 99.73% pure, 
the chief impurities being air and moisture. Oxygen was removed by passing 
the gas over ferric oxide heated to loo^C, water by passing through phos¬ 
phorus pentoxide. Moore's^ recommendations as to the purity of liquid 
hyiJrogen sulphide were accepted. 

Nitric oxide was made by treating sodium nitrite (C. P.) with dilute sul¬ 
phuric acid (C. P.) according to the method of W. A. Noyes.^ It was 

^ Ind. Eng. Chem., 17 , 1023 (1925). 

* J. Am. Chem. Soc., 47 , 2170 (1925). 
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collected over water and dried by passing it through sulphuric acid. No nitiic 
oxide over three weeks old was ever employed. 

Nitrogen^ used for flushing out reaction chambers and gas containers, 
of commercial grade. Oxygen was removed by passing through several 
umns of freshly prepared pyrogallol solution. 



t-\n 

r 


Aside from treatment with phosphc 
pentoxide and sulphuric acid no att^B|it 
was made to super-dry the gases. 

Silica gel was employed in two fenw: 
one was considered to be chemically psce 
silicon dioxide and the other to coBtem 
one percent of ferric oxide. Both wete 
made by the Patrick process. 

Glass wool was of the best grade and 
was strictly lead-free. 

Experimental 

Qualitative Part; 

A few preliminary qualitative experi¬ 
ments were carried on before attmi^t- 
ing quantitative work. There was placed 
in one section of the tube, (Fig. 2) about 
one gram of silica gel. The tube C was 
sealed; the open tube D was conne<^ed 
with an oil pump. The apparatus was 
immersed in an oil bath at i2s°-iso® C 
for three hours in an evacuated condition. 
Oxygen-free nitrogen was run into tbe 
chamber by slipping a rubber tube over 
C and breaking the glass tube at a previ¬ 
ously scratched point within the rubber. 
Tube C was again sealed and the chamber 
once more evacuated with heating. Tube 
D was then sealed and oxygen-free hydm- 
gen sulphide was run in through C «s 
previously described until a pressure of 
approximately one atmosphere was. ob¬ 
tained. Tube C was then finally seal¬ 
ed. Nitric oxide was run into Cbe 
other section of the chamber through A and allowed to pass out through B far 
several minutes after all indications of a yellow color had disappeared., Tubes 
A and B were then sealed, the chamber inverted and the diaphragim brok«a 
by the falling of the glass rod E. Several of these tubes were prepared. A fftr 
were allowed to remain at room temperature for varying lengths of time 
while others were heated to 195® C for three hours and then put aside. 



Fig. 2 








REACTION BETWEEN NITRIC OXIDE AND HYDROGEN SULPHIDE 


27 


Quantitative Part: 

(A) In the case where silica gel catalyst was used, (i) The evacuated, 
reaction chamber of the Klemenc apparatus containing the dried and eva¬ 
cuated gel, and with the gas containers attached was brought to constant 
temperature. (2) A record was made of, (a) the thermostat temperature, 
(b) the room temperature, (c) the barometric pressure. (3) The sliding 
gauge was adjusted so that its 60-millimeter point coincided with the meniscus 
of the alpha-bromonaphthalene column. (4) Hydrogen sulphide was run in 
to elevate the alpha-bromonaphthalene column from 60 millimeters to 33.75 
millimeters, which represents a volume of 75 cubic centimeters of hydrogen 
sulphide according to calibration experiments previously described. (5) The 
hydrogen sulphide was allowed to come to the temperature of the thermostat 
and to reach a state of adsorption equilibrium with the gel. This usually 
took about three minutes. (6) Nitric oxide was run in sufficiently to raise 
the level of the alpha-bromonaphthalene column 26.25 millimeters above the 
level then existing. (On account of the fact that reaction started the instant 
nitric oxide began to flow into the chamber it was not possible to obtain the 
partial pressure of this gas after it had reached the temperature of the thenno- 
stat. However, we assumed that, for practical purposes, the partial pressures 
of the two gases would be of equal value. It required less than three seconds 
to flow the gases into the chamber.) (7) An immediate reading of the pressure 
was made with the mercury manometer. (8) Further readings were made at 
the end of each minute for five minutes, then every five minutes for half an 
hour, and then every ten minutes until the experiment was concluded. (9) 
Beckmann thermometer and barometer observations were made at the end 
of each pressure reading at the termination of the first five minutes. Fluctua¬ 
tions in temperature were watched closely, and, in those cases where the 
thermoregulator got out of control, the experiment was discontinued and all 
observations discarded. 

Where silica gel was used as catalyst a lowering of pressure was noted as 
soon as hydrogen sulphide was run in. This is ascribed to adsorption of the^ 
gas by the gel in the case of the chemically pure gel, and combined adsorption 
and reaction in the case of the iron-impregnated gel. A record of such de¬ 
pression was kept. This varied from 0.5 to 5.0 millimeters of alpha-bromo¬ 
naphthalene according to the form of the gel and the temperature. 

Fresh gel was used in each experiment and was previously treated by heat 
and evacuation to remove water and foreign gases. 

(B) In the case where no added catalyst was used. The technique was 
the same as described in the preceding section except that the preliminary 
procedure consisted merely of heating the opened reaction chamber at about 
125° C to remove accumulations of sulphur by oxidation, and to evaporate 
off water. The success of the treatment was probably variable, and led to 
some lack of uniformity of results. 

(C) In the case where glass wool was used. The technique was exactly 
as in the case where no added catalyst was used. Five grams of glass wool 
was employed, care being taken to prevent its pressing on the diaphragm. 
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Results 

Qualitative: 

Experiments with the sealed tubes showed conclusively that a reaction 
took place between nitric oxide and hydrogen sulphide. This was indicated, 
(i) by a rise in temperature, (2) condensation of water on cooled surfaces, 
(3) the gradual formation of a film of sulphur on the walls of the tube and the 
surface of the catalyst, and (4) a decrease in pressure of the gases. 

Experiments with these tubes were made with chemically pure and iron- 
impregnated silica gel catalysts. In the former case the pure white gel gradu¬ 
ally assumed a lemon-yellow color due to incrustations of sulphur; in the latter 
case the orange-colored gel (blackened by reaction with hydrogen sulphide) 
slowly regained, to a limited extent, its original color. 

The tube, a tip having been broken under water, showed a decrease in 
the original pressure of one atmosphere. No attempt was made to determine 
exact measurements of this decrease. 

The water which entered the tube was allowed to remain until the soluble 
contents were believed to have dissolved. Standard tests for ammonium sul¬ 
phide were negative. It is assumed, therefore, that the results of Thomson, 
previously cited, are in error, and, as a corollary, the statement of LeConte 
that the gases do not react, is without foundation. 

Tubes left at room temperature for as long as six months and then opened 
to the air showed evidence of an equilibrium having been attained. This 
was indicated by the fact that the entrance of oxygen to the mixed gases 
formed more sulphur. That is, the reaction between nitric oxide and hydro¬ 
gen sulphide having stopped, the formation of nitrogen peroxide by contact 
with air caused further reaction with the remaining hydrogen sulphide. Since 
the reaction between nitrogen peroxide and hydrogen sulphide is more rapid 
and more readily visible, the proof of unreacting hydrogen sulphide and 
nitric oxide in the unopened tube was established. 

When iron-impregnated silica gel was used as catalyst the black color of 
the gel, due to reaction with hydrogen sulphide, was destroyed very slowly 
and very imperfectly in those cases where the tubes were left at room tempera¬ 
ture. Tubes heated above the subliming temperature of sulphur, however, 
had their catalyst content restored almost to the original orange color. 
This bleaching process could be checked by again cooling the tube. From 
this we are led to believe that the removal of the sulphur from the surface of 
the catalyst eliminated the conditions effecting the equilibrium. That this 
continuation of the reaction at a higher temperature is not due to a positive 
temperature coefficient will be discussed in the Quantitative Part. 

There are only two stoichiometric possibilities involved in a reaction 
between nitric oxide and hydrogen sulphide: (i) H2S + 2NO—>N20 + 
H2O + S and (2) 2H2S + 2NO 2H2O + 2S + N2. Briner and Meineri 
state that N2O is not a product of the thermal decomposition of nitHc oxide. 
This is a direct rebuttal to the statement of Briner and Boubroff* who had 

^ J. Chim. phys., 23 , 609 (1926). 

* Comp, rend., 156 , 288 (1913)', 
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reported thirteen years before that N2O is a resultant. Thermodynamic 
concepts also show us, through free energy calculations, that the reaction is 
more likely to proceed 2H2S + 2NO 2H2O + 2S + N2. We have, there¬ 
fore, accepted this as the basis of the quantitative work. 

Quantitative: 

Work with the Klemenc manometer confirmed the results obtained quali¬ 
tatively. 

Experimental work in this section was divided into four series as follows: 

(A) In which the gases were allowed to react in the chamber containing 
no added catalyst. 

(B) In which 1.5 grams of chemically pure silica gel served as catalyst. 

(C) In which 1.5 grams of chemically pure silica gel impregnated with 
I percent of ferric oxide acted as accelerator. 

(D) In which the reaction chamber was stuffed with 5 grams of lead-free 
glass wool. 

Experiments in Series (A), (B) and (C) were made at 28°, 38°, 75° and too® 
C. In Series (D) work was carried on at 28° and 100° C. A total of foi^ty- 
six experiments were made—an average of 3.3 duplications. The first ten 
were rejected as having been made to establish a technique and to give us an 
oppoi-tunity to correct errors in the apparatus before attempting fonnal work. 
A few others were discarded on account of obviously faulty temperature 
control. The others checked well with their duplicates: this statement being 
subject to further comment under Discussion of Results. 

In Series (A) no decrease in the partial pressure of the hydrogen sulphide 
due to adsorption was observed although it was very noticeable in the other 
series. In Series (D), where glass wool was used there was a depression 
within the limits of 0.5 and o.i millimeters of alpha-bromonaphthalene. 
The absence of a similar depression in Series A is thus considered to be com¬ 
parative, and dependent upon the extent of the surface. 

When nitric oxide was admitted to the chamber, already partially filled 
with hydrogen sulphide, a rise in pressure always occurred in Series (A) and 
(D), but never in Series (B) and (C). This increased pressure continued for 
four or five minutes and had variable values betwen 0.5 and 2.0 centimeters 
of mercury. This upward tendency of the curve is considered to be the resul¬ 
tant of vapor pressure, heating effect of adsorption and the downward pull of 
the reaction. For this reason, the first observations of pressure were dis¬ 
carded and the initial pressure, Po, was taken as the first steadily decreasing 
point on the curve. At the termination of these initial variations curves of 
all series showed a rapid downward inclination for about forty minutes, and 
then almost abrupt flattening. 

An increased rate of reaction in the presence of glass wool as compared 
with that where no added catalyst was used affirms our previously derived 
belief of hetergeneous reaction between these gases. 

A direct comparison of the rate of reaction at 28® and ioo®C shows a 
negative temperature effect. 
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Method of Calculation 

Mathematical interpretation of the work was not entirely satisfactory. 
At the first attempt to find an equation to fit the rate of reaction we were 
confronted with positive evidence of an inhibitor. Calculations were also 
complicated by inadequate knowledge of the amount of water vapor each 
catalyst was capable of adsorbing under the existing conditions, and by a 
doubt as to the exact interpretation of the initial rise in pressure in experi¬ 
ments of Series (A) and (D). We were also badly handicapped by absence of 
precedents; the literature on inhibition being very vague as to exact methods 
of calculation. 

We investigated at great length the Freundlich equation, the differential 
form of which is: dc/dt — kc^'^“.’ It failed utterly in our case, no matter 
what value we gave to n. It was evident that inhibition increased as the 
reaction proceeded. 

Working from the equation: dx/dt = k(a — x)“ — x, a purely empirical 
expression was derived which finally gave fair interpretive results. Due to 
the unwieldy form of the equation in its integrated form when n was greater 
than unity, we adopted the mirror method of Latshaw^ of this Laboratory, 
whereby dx/dt was determined from the tangent to the curve at each point. 
The integer, x, does not represent the decrease in the pressure of the volume 
of gas which has reacted at any particular time, but is a derived value. In 
the reaction 2NO + 2H2S —> 2H2O + N2 + 2S, we have started with four 
volumes of gas. If the reaction goes to completion we have one volume of 
nitrogen and two volumes of water vapor—a total of three volumes. If a 
is given a value of unity, a decrease of three-fourths in the pressure would 
mean that the reactioi\ is complete, and (a — x) = o. The value of x would 
be unity: a fractional change being expressed as 4/3 AP/P©. 

A new set, of curves was drawn, plotting this value of x against time in 
minutes, and determining dx/dt by Latshaw^s method. It was then found 
that the modified expression, in which a represented unity and x = 4/3 AP/P© 
had the same defect as the Freudlich equation, and the original on which 
ours was based; i. e., there was a steady drop in the velocity constant. After 
considerable experimentation we found that if, in this equation, we sub¬ 
stituted p for a and gave to p the observed pressure at the time and then 
divided the final x by some whole number N, fairly good constants were 
possible. N was found to be a large numeral, usually 2 5 or 50. Our equation 
then became: dx/dt *= k(p — x)” — x/N. The magnitude of the divisor N 
is probably a measure of the extent of the inhibition plus a measure of the 
condition of the reaction chamber at the beginning of the experiment. That 
is, if sulphur is the inhibitor and its increase in the reaction chamber in one 
particular experiment over that in some other experiment makes ifenecessary 
to increase the divisor, then any sulphur remaining in the reaction chamber 


^ J. Am, Chem. Soc., 47 , 793* (1925). 
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from a previous experiment would require a further increase in the value of 
the divisor. We did not realize, at the beginning of the work, the negative 
character of colloidal sulphur. We used reasonable care in oxidizing residual 
sulphur at the end of each run in preparation for a new experiment, but it is 
evident from the mathematical results we have obtained that our reaction 
chamber was not always in a standardized condition. We believe, however, 



that, in those cases where the divisor of one final x is equal to the divisor of 
the final x in another experiment, conditions may be considered as being 
identical, and on those cases we have determined the character of the tem¬ 
perature coefficient. We obtained particularly good results in Series (D); the 
experiments of Series (B) and (C) being the most unsatisfactory. 

The results of the measurements of two experiments in Series (D) (at 28® 
and 100® C) are given in Tables I and II, and are shown graphically in Fig. 3. 
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K100/K28 = 

0.847 

Temperature Co^dent 

Table I 



Experiment 4-D 28® 

C;Po - 

67.89 cm Hg; dx/dt 

= k(p - x)» 

- x/50 

T (min.) 

p 

X 

(p - x)> 

dx/dt 

K X 10 -' 

15 

4 -iS 

0.0815 

311776 

0.00333 

1 S 9 

20 

4-99 

0.0979 

311SS6 

0.00281 

1 S 3 

25 

S -67 

0. mo 

311377 

0.00229 

14 S 

30 

6.24 

0.1225 

311210 

0.00195 

141 

40 

7.19 

0.1412 

310963 

0.00150 

139 

SS 

8.17 

0.1604 

310701 

0.00105 

137 

70 

8.89 

O.I 74 S 

31049s 

0.00079 

138 

8 s 

9-39 

0.1844 

310371 

Table II 

0.00060 
Mean: 

138 

144 

Experiment 3-D loc 

C; Po = 

= 67.0 cm Hg; dx/dt 

= (p - x)» ■ 

- x/50 

T (min) 

P 

X 

(p - x)’ 

dx/dt 

K X ro-» 

10 

2.60 

0.0517 

300063 

0.003090 

137 

15 

330 

0.0653 

299888 

0.002570 

129 

20 

3-90 

0.0776 

299714 

0.002080 

121 

2S 

4.40 

0.0875 

299 S 79 

0.001800 

I18 

30 

4.82 

0.0959 

299472 

0.001574 

II6 

40 

S-S 2 

0.1099 

299284 

0.001234 

II4 

SS 

6.36 

0.1270 

299036 

0.001000 

II8 

70 

7.00 

0.1393 

29889s 

0.000768 

II9 

8 s 

7 -So 

0.1488 

298761 

0.000613 

I 2 I 

100 

7.92 

0.1576 

298640 

0.000498 
Mean: 

127 

122 


Discussion of Results 

The assumption of Thomson that nitric oxide and hydrogen sulphide react 
to form ammonium sulphide and nitrous oxide is obviously incorrect—absence 
of the former by qualitative tests being sufficient indication of this. The 
counter-claim of LeConte that the gases do not react at all is, likewise, 
refuted. That they do react with formation of water, sulphur and nitrogen 
is confirmed by our work. 

(A) Mechjanism of the Reaction. 

However, the simple stoichiometric equation; 2NO -f 2H4S —> 2H2O + 
2S + N2 does not represent the actual mechanism of the reaction. ^ It is this 
which we propose to discuss in this section. 

Those known reactions in which nitric oxide is a constituent possess 
pecularities which have .been the subject of much investigation during the 
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past few years. Work on reactions in which nitric oxide is involved is subject 
to many difficulties, the chief of which is the necessity of absolute exclusion 
of air. However, the investigations of recent years have been so uniform in 
their essential results that there are certain principles which we may accept 
with confidence. One is the theory of Hinshelwood and Green^ that in 
reactions of nitric oxide two molecules of this gas are always involved. An¬ 
other is that in such reactions as 2NO +02“^ 2N02,^ 2NO + CI2 2NOCI,''* 
2NO + Br2 —> 2N0Br^ and 2NO + H2 —> N2 + 2H2O® there is found either 
a negative temperature coefficient or a very slight positive one. The ex¬ 
treme rareness and doubtful authenticity of termolecular reactions points 
to the possibility of intermediate compound formation in all of these. Hasche 
and Patrick (loc. cit.) have demonstrated in their work on the nitric oxide- 
oxygen reaction the formation of an intermediate of the composition N2O3 
to account for the apparent third order of their reaction. 

We could, with some assurance, postulate in our reaction the formation of 
an intermediate compound of the composition NOS. In doing so we would be 
conforming with the results of other investigators in reactions of nitric 
oxide who have proposed other additive nitrosyl compounds to explain the 
peculiarities of their results. However, it is quite unnecessary to do this. 
We prefer to present the theory of selective adsorption. 

We have evidence that the reaction takes place on the wall of the chamber 
and on the surfaces of the catalysts. The condition of the reactants in these 
adsorbed zones is similar to that found where intermediate compound for¬ 
mation is indicated. That is, forces are brought into play which are similar 
in their general effect to those present when intermediates are formed. The 
objection which might be raised against this theory is that we could not, 
ordinarily, expect nitric oxide to be strongly adsorbed. However, the nitric 
oxide molecule is strongly reactive and we meet this difficulty by assuming 
the association of two nitric oxide molecules with the resultant formation 
of one molecule of N2O2, a supposition supported by Langmuir.® 

This association of two nitric oxide molecules could reasonably be ex¬ 
pected to occur in greater amounts at lower temperatures, and to be incom¬ 
plete enough at any temperature to escape detection by ordinary density 
measurements. It would be more easily condensible on the surfaces than the 
nitric oxide and would, therefore, be adsorbed by the wall in preference to 
the nitric oxide. The hydrogen sulphide may thus be imagined as impinging 
on the adsorbed N2O2 molecule, and our original stoichiometric equation 
would become N2O2 “f~ 2H2S —> N2 “h 2H2O + 28. 

Investigation of the critical temperature of the resultants of this reaction 
indicate that water and sulphur should, in their turn, be more strongly 
adsorbed than N2O2. Therefore, the surface is denuded of its N2O2 and re- 

^ J. Chem. Soc., 1926 , 730. 

* J. Am. Chem. Soc., 47 , 1207 (1925). 

* Z. anorg. Chem., 88, 283 (1914). 

^Z. anorg. Chem., 102, 149 (1918). 

* J. Chem. Soc., 1926 , jyo. 

® Taylor, “Treatise on Physical Chemistry”, (Dushman) II, 1072. 
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placed by sulphur in a colloidal form. The extremely high critical temperature 
of sulphur is the foundation of our belief. 

It is axiomatic in colloidal chemistry that like substances are adsorbed 
most strongly by like substances. We may, accordingly, assert the strong 
possibiUty of active adsorption between sulphur and hydrogen sulphide, 
and expect the surface of the sulphur to be coated with an adsorbed film of 
hydrogen sulphide in preference to one of any other constituents of the re¬ 
action. 

We have still to consider why we believe that an adsorbed layer of NsOj 
will react with hydrogen sulphide in the first stage of the reaction when, 
apparently, the same gas will not react with N«Oj in the latter stage. It is 
undoubtedly a question of orientation. We have, as we have previously 
explained, a reaction between Ns02 and H2S with the result that a film of 
sulphur has been deposited on the surfaces. We now assume a selective pref¬ 
erence for hydrogen sulphide and consider a film of this gas to be adsorbed 
by the sulphur with the sulphur ion of the gas in proximity to the elemental 
sulphur already deposited on the wall. The hydrogen ion of the gas would, 
then, be turned toward the interior of the chamber. This would demand re¬ 
action of gaseous nitric oxide, or N2O2, not with the hydrogen sulphide mole¬ 
cule as a whole, but with the protruding hydrogen ion. That this cannot 
possibly take place at the temperature we have employed finds confirmation 
in the previously cited work of Hinshelwood and Green. 

We may, therefore, briefly summarize our proposed mechanism of this 
reaction as follows: 

(1) Incomplete but progressive association of two molecules of NO to 
form one molecule of N2O2. 

(2) Adsorption of N2O2 on the surfaces. 

(3) Reaction between H2S and adsorbed N2O2. 

(4) Adsorption of sulphur on the surfaces. 

(s) Adsorption of H2S on S with orientation of the hydrogen ion toward 
the interior of the chamber. 

(B) Inhibitory Effect of Colloidal Sulphur. 

The early indications of an inhibitor in this reaction led us to believe that 
colloidal sulphur was the responsible agency. Its critical temperature in¬ 
dicated that, of all the constituents of the reaction, it should be most strongly 
adsorbed. Our work was carried on through a range of temperature from 
28® to 100° C, and even at the higher temperature there was no indication 
of a dedded transformation of the colloidal form to the crystalline. For this 
reason we believe that in aU of our experiments we were confronted with 
identical conditions. That is, as the reaction proceeded, the walls of the 
chamber, the capillaries of the gel and the filaments of glass wool became 
coated with an increasingly thick accumulation of colloidal sulphdr. We 
had, simply, a strong protective colloid completely ooverii^ our catalyst, 
which eventually prevented contact of the gases with the accelerator. 
This is very strong ponfirmation of the heterogeneous nattire of the reaction 
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for, when this deposit of sulphur has reached the critical depth, the reaction 
stops. The plane surface of the colloidal sulphur is evidently non-catalytic. 

Our explanation for the rapidity of the reaction in the experiments of 
Series A (plain glass walls), and the subsequent retarding of the velocity when 
sulphur had accumulated is that we were not dealing with plane glass sur¬ 
faces even when we added no auxiliary catalyst. The corrosive effect of 
hydrogen sulphide on the water-soluble glass of the walls resulted in neutral¬ 
ization of the soluble alkalies of the glass, and left behind an efficient amount 
of amorphous silicon dioxide. We were, then, in all four scries of our experi¬ 
ments, employing a silicon dioxide catalyst which became impotent when 
covered with the non-catalytic and impervious colloidal sulphur. 

The formation of colloidal sulphur was not of a flocculent type. Thick 
accumulations could be pulled from glass surfaces in strips. Their elasticity 
and evident lack of porosity are proof of the great protection the material 
afforded the catalytic surfaces imbedded within the material. 

Data in regard to the inhibitory effect of colloidal sulphur are not found 
in the literature. Its effect on the mathematical measurement of the velocity 
of the reaction between nitric oxide and hydrogen sulphide is disastrous. 
In view of the theoretical importance of both the reaction and the inhibitor, 
it is hoped that the writer may be in a position to continue the investigation 
of both. 

Summary 

(1) The conditions of the reaction between nitric oxide and hydrogen 
sulphide have been studied at temperatures between 28° and 100° C. Cir¬ 
cumstances were varied by carrying on series of experiments in, (a) a plain 
glass chamber, (b) with added silica gel, and (c) with added glass wool. 

(2) It was found that the reaction proceeded under all of the above 
conditions; the slowest velocity being where no added catalyst was used. 
Increased surface through the addition of glass wool accelerated the reaction 
to a rate comparable with that when silica gel was used. It is therefore 
assumed that the reaction is heterogeneous. This is confirmed by the slow¬ 
ing of the reaction in the presence of inhibiting colloidal sulphur. 

(3) The stoichiometric expression for the reaction is: 2NO + 2H2S —> 
2H2O + 2S + N2, but the mechanism is more complex. Two molecules of NO 
associate to form one molecule of N2O2. Hydrogen sulphide impinges on the 
adsorbed N2O2 with the formation of sulphur, nitrogen and water. Hydrogen 
sulphide is adsorbed by the colloidal sulphur on the surface and oriented 
in such a way that its hydrogen ion extends outward from the surface. 

(4) A negative temperature coefficient was found. This is ascribed to 
decreased association of NO to N2O2 at the higher temperatures. 

(s) The accumulation of colloidal sulphur as a resultant of the reaction 
is the cause of the inhibitory effect observed. It appears to be merely a 
mechanical coating of the catalyst, and to have the effect of a non-catalytic 
plane surface. 
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(6) It is believed that the glass wall of the reaction chamber and the 
filaments of glass wool were acted upon by water and hydrogen sulphide with 
formation of amorphous silicon dioxide, i. e., that the catalytic effect of the 
added silica gel was duplicated by the formation of this amorphous silica, 
and that results were merely dependent upon quantity. 
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CALORIMETRIC RESEARCHES. II 

The Heat of Combustion of a Proposed Secondary Calorimetric Standard: 

Salicylic Acid^ 

BY L. J. P. KEFFLER 

Already at the end of last century, Stohmann and his collaborators made 
a systematic use of several independent and well-purified standard sub¬ 
stances for the calibration of their calorimetric system. Shortly after the 
German firm of Merck investigated and put on the market as many as seven 
different preparations of known heats of combustion. Amongst these, 
benzoic acid, naphthalene and cane-sugar were given for many years a 
prominent place in scientific investigations through the pioneer work of 
Fivsher and Wrede, Roth, Dickinson, Swarts, Richards, Swientoslawski and 
others. 

Benzoic acid was finally selected by international agreement as the sub¬ 
stance fulfilling best the requirements of a calorimetric standard; its heat of 
combustion at constant volume was fixed at 6324 cal.15 per gram (weight in 
air) by the ‘^Union Internationale de Chimie pure et appliqufe^^ held at 
Lyons in 1922. 

Amongst the four other substances proposed by Merck, salicylic acid has 
gradually come into prominence owing to its exceptional qualities from all 
points of view. Verkade and his collaborators, who did a great deal of 
careful and painstaking research^ on this acid, with the special aim of getting 
it accepted as a secondary standard, have proposed for its heat of combustion 
the value 5242 cal.15. On the other hand, Berner'^ obtained from numerous 
and exceptionally consistent determinations of that physical constant the 
value 5237, 4 cal.i6. Roth finally obtained values intermediate between these 
two.^ 

The first and last investigators mentioned carried out their temperature 
measurements with a fine Beckmann thermometer, while the second used 
a platinum resistance thermometer. As all three worked with a non-adia- 
batic calorimeter, the author considered it to be of interest to check their 
results with the improved type of adiabatic calorimeter he had recently 
devised. The value obtained last year (in collaboration with Mr. F. C. 
Guthrie: loc. cit.) for the heat of combustion of salicylic acid, namely 5238 
cal.ii per gram weighed in air (at the mean temperature of i6.9°C) was also 
intermediate between the values of Verkade and Berner, although much 
nearer to that of the latter investigator. 

‘ Cf. J. Phys. Chem., 31 , 58 (1927). 

* Verkade and Coops: Rec. Trav. chim., 42 , 205 (1923); 43 , 561 (1924); J. Chem. Soc., 
1926, 1437; Kon. Akad. Wet. Amsterdam, 39 , 667 (1926). 

* J. Chem. Soc., 1925 , 2747; 1927 , 338; Archiv Math. Naturw. Oslo, 39 , No. 6 (1926), 

^Roth and Lasse: Z. Elektrochemie, 30 , 606 (1924); Landolt-Bornstein Tabellen, 874 

(1927). 
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In view of the great importance to thermochemists of being able to 
check by means of a second standard, of perfectly well known heat of com¬ 
bustion, the reliability of the data obtained during the calibration of their 
calorimeters by combustion of the primary standard (which may have be¬ 
come contaminated accidentally), a new series of determinations was made 
with the object of contributing towards the settlement of this already much 
debated question. And so as to give the greatest possible trustworthiness 
to the result obtained, many variations in the prevailing conditions, as well 
as various improvements, both in apparatus and in procedure, were intro¬ 
duced. Some of these changes are described in the following pages, others 
will simply be indicated, the details being left for another paper, dealing 
with new devices in calorimetry (cf. Communication 3, to appear shortly). 

With regard to the calorimetric system, the amount of water was de¬ 
creased from 3424 to 3000 grams, so as to compensate more or less for the 
somewhat lower relative precision resulting from a smaller rise of tempera¬ 
ture (2®C instead of 3®C as before). 

The Mahler-Berthelot bomb was replaced by a Moureu bomb, having a 
capacity of 310 cc (as against 283 cc before), and characterized by the three 
following advantages over the former: 

(1) the lining is of gold instead of enamel 

(2) it is designed to resist larger pressures 

(3) it is provided with a capillary collar around its neck so as to separate 
the chamber of combustion from the lead washer and so prevent the latter 
being attacked by the nitric acid formed. The bomb was fixed in a per¬ 
manent position inside the calorimeter by means of a brass ring allowing 
free circulation of water underneath; the calorimeter, in turn, was fixed inside 
its jacket by means of two low brass chimneys soldered to the bottom of the 
latter and enclosing the ivory legs by means of which the calorimeter is 
supported in the jacket. 

The oxygen, obtained from the British Oxygen Company, was admitted 
into the bomb at a pressure of 35 atmospheres (instead of 25 previously), 
except in one or two cases, where a corrective term was introduced. Since 
that oxygen was from electrolydiic sources, and thus liable to contamination 
by combustible impurities, especially hydrogen, it was passed, at least in 
some of the experiments, through a thick-walled nickel tube, packed with 
palladium asbestos, and heated to about 8oo®C. No perceptible change was 
found in the results, whether the oxygen was preheated or not. To decrease 
further the responsibility of any error arising from that source, as many as 
three different cylinders of oxygen were tested, both in the calibration ex¬ 
periments and in the determination of the heat of combustion of salicylic acid. 

The very ordinary Beckmann thermometer used in the previous woi'k and 
which could only be made reliable by the applioaticm of tbe “Constant 
Range” method, proposed by the author at the same time, was replaced by a 
much finer instrument, calibrated from .1 to .i®C to the nearest thousandth 
of a degree by tiie Ehysikafliseh-Technische Reichsanstalt. Ilie “Constant 
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Range’^ method was used all through, the constant interval being, as already 
stated, 2 instead of 3°C; the limits of the interval were selected at two points 
of the Beckmann scale where the bore corrections were nil, as well as in their 
immediate neighborhood. 

The mean temperature of combustion was altered from 16.9 to i8.2°C. 

The stirring of the calorimeter, which previously was slightly erratic at 
times, owing to the unsatisfactory behaviour of the water-motor used, be¬ 
came much more constant throughout any combustion by substitution of an 
electric motor; the rate of stirring, instead of being kept constant, all through 
the whole series of experiments, was changed purposely from one combustion 
to another through a rather wide range, the extreme values for the heat of 
stirring being approximately in the ratio 1 14, 

For the ignition of the substance, an approximately constant weight of 
cotton wool (of heat of combustion equal to 3930 cal. per gram) was used, 
i. e. about half as much as previously. The length and diameter of the plati¬ 
num ignition wire were kept the same as before so that the heat developed by 
the ignition current was still of the order of 0.2 calories and its variation 
therefore negligible in the calculations. 

The titrations of the nitric acid formed were carried out with approximately 
tenth-normal sodium hydroxide solution, using methyl orange as indicator. 
There was never the slightest appearance of unburnt carbon; qualitative 
tests carried out in almost all cases with palladium chloride solution failed 
to reveal any sign of carbon monoxide formation. 

In no case could the smell of unburnt vapors of the substance be detected. 

The water equivalent of the calorimetric system was determined by 
burning two samples of benzoic acid (named A and B in Table I), received 
at two years interval from the Bureau of Standards (Washington). For some 
of the combustions, the substance was dried over phosphoric anhydride be¬ 
fore use; in most cases however it was weighed straight away. 

The calorimetric water was measured in three portions of approximately 
one liter, in a standard flask which was weighed each time, before and after 
delivery, to the nearest centigram. The weight of the water (including that 
of I cc in the bomb) was normally adjusted to 3000, 6 grams (in air, against 
brass weights), except in experiments i to 5 of Tables I, where a small cor¬ 
rective term had to be added. 

In the same five experiments, a constant corrective term x = .6 calories 
was introduced in order to take into account the fact that 7.2 grams of ma¬ 
terial were removed from the copper hook supporting the bomb in a vertical 
position, after completion of experiment s, in order to increase the effective¬ 
ness of stirring of that layer of water lying between the bomb and the stirrer 
partition; y *= .7 cal. is a corrective term accounting for the use of a double 
washer in the first five combustions. 

The means obtained for the water equivalent determined (i) with benzoic 
acid A and oxygen a (cf. Table i, experiments i to 5); (2) with benzoic acid 
A (or B) and oxygen b (cf. experiments 6 and 7); (3) with benzoic acid A 
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(or B) and oxygen c (i.e. used without preheating) or c (i.e. preheated), 
were respectively 3497.0; 3498.0; and 3496.4 cal. 

The water equivalent was thus found equal to 3497.0 cal.ao, at the mean 
temperature of i8.2°C, with an average error for the mean of 0.6 parts in 
10000. 

The results of the individual combustions are summarized in Table I. 

Purification of Salicylic Acid 

1) A first preparation—obtained from Poulenc FrSres—^the same as^that 
used in communication i and also by Verkade (loc. cit.), was recrystaUised 
twice from freshly refractionated chloroform (see Table II, sample i, com¬ 
bustion 1). 

2) A second preparation, obtained from the British Drug Houses, was 
recrystaUised twice from freshly distiUed water (see sample 2, combustion 2), 
then twice from chloroform (see sample 2 A, combustions 3 and 4). 

The four values obtained for the heats of combustion of the three samples 
being the same within the limits of the small experimental error, these sam¬ 
ples were united and recrystalUzed as a whole from dry ether which had been 
refractionated twice by means of a long Crismer column, fiirst over phosphoric 
pentoxide, afterwards over clean sodium wire. Only those fractions of sol¬ 
vent which distiUed within a tenth of a degree from the true boiling-point, 
were used in the recrystallisation. A fourth sample, caUed sample (i -f- 2)A, 
was obtained in that way (see combustions 5 to 8). After each crystaUisa- 
tion, the acid was carefully freed from any trace of solvent by heating over 
steam under a pressure of a few centimeters of mercury, for several hours; 
then grinding the sample up into a very fine powder, so as to prevent the oc¬ 
clusion of any solvent (especially water) inside the crystals; it was finally 
kept for several days, eventually weeks, over phosphoric pentoxide, in a 
vacuum exsiccator. 

The mean found for the heat of combustion of saUcyUc acid at a mean 
temperature of i8.2°C,was 5242,8cal.!a per gram weighed in air against brass 
weights or 5239.2 cal.20 per gram weighed in vacuo. (These figures include 
a smaU correction of -f .1 cal. for the difference in heat capacity between the 
factors and the products of the combustion). 

The average error for the mean is equal to 0.4 parts in 10000. 

The vtdues obtained in the individual combustions are summarised in 
Table II. 

To the variable correction given in column 5 for the emergent stem of the 
Beckmann thermometer, should be added a constant corrective term equal 
to 10 thousandths of degree centigrade. 

General Corrections —(i) for the buoyancy of air, 

a) in the weighing of the calorimetric water.— 

*Since the same quantity of water was used in the calibration of the calori¬ 
metric system and for the measurements of the heat of combustion of sali¬ 
cylic acid, the reduction of the water weighings to vacuo was not necessary. 

b) in the weighing of the substance burned. 
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No correction for buoyancy is required for the calculation of the water- 
value of the calorimeter since the figure used for the heat of combustion of 
benzoic acid refers to one gram weighed in air. 

The buoyancy correction to be added to the practically constant weight 
1.323 gram of sahcylic acid (density = 1.48) amounts to 1.323 X 0.67 mgr 
so that the heat of combustion of salicylic acid per gram weighed in vacuo is 
equal to 5242.7/1.00067 or 5239.2 cal.20. 

2) for the difference between the heat capacity of the products of the com¬ 
bustion and that of the oxygen used up. 

This difference depends upon the amount and nature of the substance 
burnt and requires therefore a special correction for each substance. 

In the case of benzoic acid, the equation of combustion is 

CeHfiCOOH + (15/2)02 = 7 CO2 + 3 H2O 

The molecular heats (at constant volume) of carbon dioxide, liquid water 
and oxygen are respectively 6.92, 18, and 5.84* so that this difference, 
when referred to i.i gram of benzoic acid (molecular weight = 122) is equal 
to (7 X 6.92 + 3X18 — 15X 5*84/2) X 1.1/122 = 0.53 calories. This 
corrective term should be subtracted from the heat capacity (3497 cal.), 
which thereby becomes smaller by approximately 1.5 parts in 10000. 

There remains to be found the difference in heat capacities between the 
products and the factors of the combustion of salicylic acid. The equation 
of combustion for the latter is 

C 6 H 4 ( 0 H).C 00 H + 7 O2 = 7 CO2 + 3 H2O 

The difference between the heat capacities of carbon dioxide and liquid water 
formed and the oxygen used up, when referred to 1.323 grams of salicylic 
acid (molecular weight = 138) is thus equal to 

(7 X 6.92 + 3 X 18 —7 X 5*84) X 1.323/138 = 0.58 cal. 

This corrective term, which represents the increase in the heat capacity of 
the calorimetric system when 1.323 gram of sahcylic acid is burnt in the 
bomb, makes the water equivalent larger by 1.69 parts in 10000. Hence the 
value to be used for the water equivalent in the calculation of the heat of 
combustion of salicyhc acid must be made larger by 1.69 —1.5 = 0.2 parts 
in 10000 (approximately). The heat of combustion of salicylic acid itself is 
thus increased in the same proportion and becomes 5242.8 cal.20 (in air) or 
5239.3 cal,20 (in vacuo). This heat of combustion depending on a water value 
in which the heat capacity of the products of the combustion has been intro¬ 
duced, would hold for an isothermal reaction at the initial temperature of 
the combustion,^ i. e. i7.2®C if the value accepted for the heat of combustion 
of benzoic acid did refer to an isothermal reaction at the same temperature. 
This is however not the case. It can indeed be inferred, with practical cer¬ 
tainty, as was pointed out by Verkade^ that this accepted value resting 

* Cf. Landolt-Bdmstein Tabellen—^5th Edition (1923). 

^ Richards: J. Am. Chem. Soc., 25, 209 (1923). 

* Rec. Trav. chim., 44, 803 (1925). 
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mainly, as it does, on the excellent work of Dickinson^, who worked purposely* 
at the nearly constant temperature of 2o®C, should hold for the latter tem¬ 
perature. Such a reference-temperature was not fixed by the Lyons con¬ 
ference. It is true that the heat of combustion of a substance varies only 
slightly with the temperature of the calorimeter. It is true also that the 
temperature coefficient of a heat of combustion, depending as it does on the 
specific heat of the substance investigated can, as a rule, be calculated only 
with a rough approximation, since the specific heat of most organic sub¬ 
stances is still unknown. The specific heat of benzoic acid having, however, 
just recently been determined*, it will be possible to calculate exactly the 
temperature coefficient of the heat of combustion of the standard substance 
and to show thereby that it is not entirely negligible in work of the highest 
precision, (especially so when substances are investigated, the heats of com¬ 
bustion of which have a temperature coefficient widely different from that of 
benzoic acid) or when different temperatures are used in the calibration com¬ 
bustions as compared with the experiments on the substance investigated. 

The temperature coefficient of a heat of reaction is given by Kirchhoff’s 
law: 

dQy/dt = hi — hf 

where hi and hf stand for the initial and final heat capacities, referred to one 
mole of substance, of the system undergoing the reaction, and Qv, in the 
present case, represents the isothermal molecular heat of combustion at 
constant volume of benzoic acid. From the equation of combustion and the 
molecular heat of benzoic acid (37.1 cal.), it is found that 

hi = 37.1 + IS X 5-84/2 = 81.0 cal. 
and that hf = 7 X 6.92 + 3 X 18 = 102. cal. 

Hence the temperature coefficient of the molecular heat of combustion of 
benzoic acid is expressed by 

dov/dt = 81.0 — 102.4 = —21.4 cal. 

If this equation be integrated between two temperatures differing by i®C, it is 
found that the isothermal heat of combustion, at constant volume, per gram 
of benzoic acid, decreases by 21.4 X 10000/122 X 6329 = .28 parts per 
10000, per degree rise in temperature. Hence by determining the water 
equivalent at i7®C, with standard benzoic acid, the author should have used 
for the heat of combustion of the standard sample a value higher than that 
indicated by 3 X .28 parts in 10000. His water equivalent and consequently 
also his result for the heat of combustion of salicylic acid at the temperature 
i7®C would have been higher in the same proportion. In order to render this 
corrected value for the heat of combustion (now referred to the initial tem- 

^ Bull. Bureau of Standards, 11, 241 (1915). > 

< Especially in view of the important advantage that there is a much smaller rate of 
change m the neat capacity of water at 20 as compared with that at I5^C, where it is about 
three times as large. 

»Cf. Landolt-Bdmstein Tabellen (1927 Supplement). 
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perature i7°C) directly comparable with that of Verkade (holding for a tem¬ 
perature of i9.5°C) the temperature coefficient of the heat of combustion 
of salicylic acid should now be calculated. Since the specific heat of the 
latter substance is still unknown, only an approximate value can be obtained 
by means of Kopp^s law. If the values derived by this author' for the atomic 
heats of carbon, hydrogen and oxygen, viz. —1.8, 2.3 and 4.0 be accepted, 
the calculation gives 1.8 X 7 + 2.3 X 6 + 4-o X 3 == 38.4 cal. for the mole¬ 
cular heat of salicylic acid. Hence from the equation of combustion of this 
substance, the following results 

hi = 38.4 + 7 X 5*84 = 79-3 

hf = 7 X 6.92 + 3 X 18 = 102.4 

arc obtained for the initial and final molecular heats of the reacting system, 
so that the temperature coefficient is equal to 

dQv/dt = 79.3 — 102.4 = —23.1 

This corresponds to a decrease in the heat of combustion of salicylic acid 
of 23.1 X 10000/138 X 5240 = .32 parts in 10000, per degree rise in tem¬ 
perature. 

In order therefore to get for the heat of combustion of salicylic acid a 
value holding for the temperature 19.5^0, a total correction of 3 X 0.28 
— 2.52 X 0.32 = +.05 parts per 10000 should be introduced in the value pre¬ 
viously recorded by the author. As such a correction is entirely negligible, 
at least in the present case, it follow\s that the isothermal heat of combustion 
of salicylic acid found by the author (and therefore also by Berner), holds 
for a temperature approximately equal to 2o°C. 

Calculation of the Maximum Error entailed in the Various Measurements 


A general survey of the various errors prevailing in bomb calorimetry will 
be given shortly in another paper (cf. Communication 4); for the present, 
the discussion will be restricted to the most important errors only (i.e. those 
affecting the main measurements, apart from those entailed in the various 
corrections). 

The water equivalent (W) upon the value of which the heat of combustion 
primarily depends, will thus be simply represented in the present discussion by 

W = Wi X 6329/R (a) 


leaving out therefore the corrective term 


A + B - C 
R 


(to be added to the 


second member in respect of the heat of combustion (A) of the cotton wool 
used as igniter, of the heat of formation (B) of the nitric acid formed, and 
eventually a correction (c) taking into account a lack of completeness in the 
combustion process) whose influence is relatively small in comparison with 
that of the main error just under consideration. 


' Ann., 1, 289 (1864). ^uppl. 3. 
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In equation (a), wt stands for the weight in grams (in air) of standard 
benzoic acid burnt; R for the rise in temperature of the calorimetric system, 
and 6329 is the number of cal.^ given out by the combustion of one gram of 
benzoic acid (weighed in air). 

To evaluate the error (dW) on the water equivalent, let the logarithmic 
differentials of equation (a) be taken: 

dW/W = dwi/wi - dR/R 

1) The error (dwi) on the weight depends mainly on the real sensitivity 
of the balance used. In the present case, a Sartorius balance, sensitive to 
.05 mgr, was available. The relative error on the weight (wi = i.i gr) of 
benzoic acid, determined by the double-tare method, by means of flat plati¬ 
num weights standardised by the National Phsrsical Laboratories (Tedding- 
ton) was thus at the most: dwi/wi = .0001/1.1, i.e. approximately .9 parts 
in 10000. 

2) The error (dR) on the thermometric rise (R) corresponding to a 
constant heat capacity depends; 

a) on the sensitivity of the balance by means of which the calorimetric 
water is weighed out, and 

b) on the sensitivity of the thermometer used. 

As far as the temperature measurements are concerned, readings were 
taken to the nearest one ten-thousandth of a degree by means of a special 
device to be described in Communication 3, (in the course of preparation). 
The relative error from the two readings of the initial and final temperatures 
was thus at the most .ooo2®C in 2°C, or i part in 10000. (As the same Beck¬ 
mann thermometer was used throughout the measurements, no correction for 
thermometric lag was required.*) 

The second factor on which the relative error dR/R on the rise depends, 
namely the weight of the calorimetric water, may now be considered. As 
the water was weighed in three portions of approximately one liter each on a 
balance of one kilogram capacity (and of sensitivity one mgr), each of the 
six necessary weighings (three before and three after delivery) being made 
within a centigram, the relative error on the total weight, under the worst 
possible conditions where all the partial errors would add up, was at the 
most .06 gram (in 3000) or .2 part in 10000. 

The total relative error in the rise is thus equal to 

dR/R = I + 0.2 = 1.2 parts in 10000 

and the maximum relative error on the water equivalent in any individual 
combustion, to dW/W == 0.9 -f- 1.2 = 2.1 parts in 10000. 

In the same way, the maximum error on the heat of combustion ^h) per 
gram of salicylic acid may be calculated from the expression » 

h = W X R/w2 

' White: Phys. Rev., 3 > 1 , 562 (1910); Earper: Bull Bureau of Standante, 8, 659 (1912) 
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where the corrective term in respect of the heat of combustion of the cotton 
wool and of the heat of formation of a little nitric acid has been left out for 
the same reasons as given already about the expression for the water equiva¬ 
lent: W2(= 1-323 gram) represents the weight in grams (in air) of salicylic 
acid burned, and R stands for the corresponding rise in temperature. 

The maximum error for the latter factor will be the same as before, since 
exactly the same temperature interval was used. 

Logarithmic differentiation of equation (b) gives: 

dh/h = dW/W + dR/R - dwa/ws 

where dw2/w2 = .0001/1.323 = 0.75 so that the relative error (dh/h) on 
the heat of combustion per gram of salicylic acid, in the most unfavorable 
case, and for a single experiment^ is only equal to: dh/h = 2.1 + 1.2 + 0.75, 
i.e. equal to 4 parts in 10000 (in round numbers). The uncertainty about the 
true value for the heat of combustion of salicylic acid is thus, without any 
doubt, extremely small.^ 

Comparison of the Author’s Results with Data from the Literature 

In calorimetric researches where the precision aimed at is of the order 
of I or 2 parts in 10000, it would serve no purpose to consider any values 
obtained before the decision taken at Lyons in respect of the standardisation 
of combustion results was brought into force. 

The discussion of the available data will therefore be restricted to the 
comparison of the values published by Verkade, Berner, Roth and the 
author, together with a consideration of the degree of precision attained by 
Dickinson in his standard measurements of the heat of combustion of ben¬ 
zoic acid. To that end, the results obtained by the latter investigator for the 
means derived from several series of combustions have been summarized 
in Table III. 

Table III 

Heat of 


Year 

Number 

of 

combustions 

Number 

of 

samples 

combustions 
per gram 
in air 

Mean 
deviation 
from mean 

Maximum 
deviation 
from mean 

1910 

14 

4 

6328 

4.5 

10 

1912 

S 

I 

6331 

30 

5-1 

1912 

II 

I 

6330 

1.8 

— 

1913 

9 

I 

6329 

1.4 

— 


The weighted mean is equal to 6329 i 2cal.2o per gram weighed in air. 

Since the purification of those samples was carried out by specialists 
from the Bureau of Standards on unusually large quantities of substance 
and therefore under conditions at least as good as they could be expected to 

^ The error due to thermal leakage by conduction, convection, radiation and evajporation, 
which is always small in adiabatic calorimetry, at least when a submarine calorimet^ is 
employed, was made negligible by the use of a special device (cf. Communication 3, already 
referred to) which allowed of keeping constantly the temperature of the jacket within .01 ®C 
of that of the calorimeter proper, except during the first two minutes of the combustion, 
when the maximum deviation was 0.0 i^C. 
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be anywhere else, Table III, indicates that the value obtained for the water 
equivalent of a calorimetric system by burning samples of benzoic acid other 
than the standard sample issued by the Bureau wMle making the computa¬ 
tions with the value adopted by International agreement, is very likely to 
be affected by an error of several parts in loooo. 

The latter procedure has unfortunately been adopted by Verkade, wholly 
for his first series (1924) and partly for his second series (1926) of com¬ 
bustions. It may now be observed that an absolute error of i calorie in the 
determination of the water equivalent gives rise to an error about double 
in the expression for the heat of combustion of salicylic acid (at least in the 
experiments of Verkade, who uses about 0.8 gram of acid and gets a rise 
approximately equal to i.6°C) and that this is quite independent of the 
partial experimental error involved in the actual combustion of the latter 
acid (besides that resulting from the slight but hardly unavoidable variation 
with the sample, of the degree of purity of the salicylic acid and eventually 
of the oxygen used). The latter possibilities may easily account for another 
one or two calories in the value of the heat of combustion. This assumption 
is amply justified by the consideration of Dickinson^s work (already referred 
to) on the heats of combustion of benzoic acid, naphthalene and sucrose, 
partly confirmed a few weeks ago by Roth^ in his absolute determination of 
the heat of combustion of benzoic acid^; the extreme difficulty of getting re¬ 
sults from various investigators to agree to better than 3 or even 4 parts per 
10000 needs therefore no further emphasis. 

Under such difficult circumstances, it is felt that the only way of impar¬ 
tially judging the relative degree of precision which characterises these 
(after all only slightly divergent) results, is to group them together in a table 


Observer 

Year 

n 

Table IV 

Dh h 

eh 

n^ 

W 

Cw 

Verkade 

1924 

6 

48 

5237-7 

0.3 

12 

2800 

1.2 


1926 

6 

26 

5237-7 

0.3 

15 

3051 

0.6 

Roth* 

1924 

I 

4 

5237-1 

1.9 

4 

S 97 

4.0 


— 

— 

— 

5236-9 

— 

7 

2844 

1-3 

Author** 

1927 

4 

II 

5235-0 

0.5 

6 

3751 

0.8 


1928 

4 

8 

5234-7 

0.4 

10 

3497 

0.6 

Berner 

192s 

3 

20 

5233-8 

0.2 

10 

4066 

0.4 

ff 

1927 

4 

II 

5234.4 

0-3 

II 

4066 

0-3 


^ Roth, Doepke and Banse: Z. physik. Chem., 133 , 431 (1928). 

* Roth found for two different preparations of benzoic acid the values 6321.9 ± i cal.i6 
(as a mean of 7 combustions) and 6323.3 d: i cal.i6 (as a mean of 5 combustions). This 
expression has been selected in preference to the probable or to the mean error on account 
of the questionable utility of applying the theory of probabilities either to a series which is 
likely to be affected by an (unknown) constant error or to a series constituted by four terms 
only, such as the first of Roth, carried out with his micro-bomb. 

* The figures given in column ^ have been referred to the international valpe (^324) in¬ 
stead of that (6324.5) calculated by Kenning and used by Roth. 

In collaboration with F. C. Guthrie; loc. cit. 

*♦* More combustions of salicylic acid were intended but the bomb was unfortunately 
put out of order for the best part of the year. 
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containing the following data: h = heat of combustion at constant volume 
of salicylic acid, in cal.is per gram weighed in vacuo; W = water equivalent 
in cal.16; nu and nw = numbers of combustion experiments with benzoic and 
salicylic acids respectively; n = number of samples of salicylic acid; Ch and 
ew = the average errors in par^s per loooo of the general means found for the 
heat of combustion of salicylic acid and the water equivalent respectively. 

While Table IV indicates that Verkade^s results for the heat of com¬ 
bustion of salicylic acid are quite honorably consistent amongst themselves, 
it shows at the same time that the more important calibration experiments 
of his first series (quite notably the more extensive) are beset with an ap¬ 
preciably larger uncertainty than those of the author and still more so than 
those of Berner. Further, if the following values 3050.0, 3049.6, 3051.4, 
3051.6, 3 oSi- 3» 3050.2, 3051-2, (sample 39a, mean = 3050.8) 3050.0, 3051-4, 
3051.8, 3052.4, (namplc 39b, mean = 3051.4) and 3050.9, 3052.3, 3051-8, 
3051.5 (sample from llotterdam, mean = 3051.9) obtained by Verkade for 
the water equivalent of his second group of combustions' are examined, it 
is noticed that those obtained with Rotterdam's benzoic acid are all larger 
than the mean obtained with the sample 39a, while three out of four of the 
former are also larger than the mean of those corresponding to the sample 
39b (supplied with sample 39a by the Bureau). There is thus at least some 
indication that the Rotterdam sample of benzoic acid, with which part of the 
1924 calibration experiments were carried out, yielded for the corresponding 
water equivalent a value too high by approximately the difference (0.9 cal.) 
between the means 3051.9 and 3051.0 obtained respectively with benzoic 
acid from Rotterdam and from the Bureau; this slightly too high value for 
the water equivalent would make the heat of combustion of salicylic acid too 
large by 0.9 X 0.6/0.84 = i-7 cal., and thus bring it down to 5236.0 cal. 15 
(per gram in vacuo). 

As far as Rothes results are concerned, those obtained with the micro¬ 
bomb are unfortunately very scarce and their precision appreciably less, 
as may be expected from the greater difficulties which had to be overcome. 
Amongst those carried out in the calorimeter of normal size, published details 
are completely lacking. The figure (5236.9) given in the table for the heat 
of combustion of salicylic acid is the general mean (referred to the constant 
6324 instead of 6324.5 of several series of combustions. The author under¬ 
stands from private communications, which he is authorized to reproduce 
by kind permission of Prof. Roth, that the extreme means of these series 
were 5234.4 and 5238.4 cali5 (in vacuo). In the absence of details about the 
calibration, and so as to form however an approximate idea of the maximum 
precision to be expected for the unknown water equivalent, the average error 
of a more recent series^ of calibration experiments has been entered in Table IV. 
It follows from the comparison of the values found by the various investigators 
mentioned that the heat of combustion of salicylic acid may be considered 

' Verkade and Coops: Rec. Trav. chim., 42 , 211 (1923); 43 , 566 (1924); J. Chem. Soc., 
, Doepke and Banse: Z. physik. Chem., 133 , 431 (1928). 
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with practical certainty to lie between the extreme values of Verkade and 
Berner; the foregoing discussion indicates further that Verkade’s value is 
probably too high by a quantity of the order of 2 calories in respect of his 
value found for the water equivalent. If the mean of Verkade's reduced 
value (5236) and of Berner’s mean value (5234) be taken, the final value 
(5235) will be exactly the same as the rounded off value obtained by the 
author in both his series of combustions and be within 2 calories of those ob¬ 
tained by Roth. It is proposed therefore to adopt it as the true value until 
new improvements in the calorimetric technique makes it possible to reduce 
further the present very small margin of uncertainty. 

In conclusion, considering that it is essential in very accurate calorimetric 
work on heats of combustion of organic substances, to get the purity of the 
calorimetric standard checked immediately before use by way of a method 
offering the same degree of reliability; considering further that bomb calori¬ 
metry alone supplies such a highly sensitive method and that salicylic acid 
fulfills perfectly all the requirements expected from a standard, the author 
seconds Verkade’s proposal to adopt the latter substance as a secondary 
standard; he proposes further, for the reasons given above, to adopt the value 
5235 ± I calls for its isothermal heat of combustion at constant volume, at 
the temperature 2o°C, per gram weighed in vacuo. 

In view however of the unavoidably provisional character of the values 
accepted for a heat of combustion, as in general for any phyaical constant; 
in view also of the appreciable discrepancies which would be likely to arise 
amongst data from various investigators who might select indifferently the 
one or the other standard if both were considered as interchangeable, and also 
of the considerable extra expenditure of energy involved in the future re¬ 
computation of data resting on two slightly different bases, it is finally sug¬ 
gested that benzoic acid should be the only standard the heat of combustion 
of which should be used in the computation of the water equivalent, that of 
an equally reliable preparation of salicylic acid, (supplied by one and the 
same agency for the whole world) being used merely as an independent cri¬ 
terion of purity for the primary standard. 

In any case, it is recommended that the heat of combustion of this sec¬ 
ondary standard be fixed as soon as possible by International agreement, and 
that a reference-temperature be decided upon for both standards. 

In final conclusion, the author has great pleasure in thanking most heartily 
Prof. E. C. C. Baly, for his sympathetic support during the prosecution of 
the present research. 

Suxnmaiy 

1. A short historical account has been given in reference to the proposal 
of salicylic acid as a secondary standard substance for calorimetry. 

2. The heat of combustion of salicylic acid was found to be equal to 
5234.8 calliper gram weighed in vacuo, as a mean obtained from^ig com¬ 
bustions carried out adiabatically under most varied conditions, with as many 
as eight different samples obtained by numerous crystallisations from three 
different preparations of the acid. 



CALORIMETRIC RESEARCHES 51 

This value is supposed to hold for an isothermal reaction at a temperature 
of about 2o®C, assuming that the value 6319 cal.is accepted by International 
agreement for the heat of combustion of standard benzoic acid, holds for the 
same temperature. 

3. A short survey of the most important errors entailed in the various 
measurements has been presented. 

4. A comparison has been made with the view of getting a quantitative 
expression for the degree of reliability to be attributed to the data of several 
investigators who have recently carried out series of experiments on the 
subject. As a conclusion to the discussion, the rounded off value 5235 ± i 
cal.iswas finally suggested for the heat of combustion of salicylic acid (per 
gram weighed in vacuo). 

Tnorganic Department, 

The University, 

IdverpodL 
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In the paper^ submitted by the author on the “Viscosity of Supersaturated 
Solutions”, it was shown how the apparatus devised by Scarpa for viscosity 
determinations could be modified for the special case of Supersaturated So¬ 
lutions. With the help of this modified apparatus, the viscosity of some 
solutions was measured, and it was shown that the viscosity curves, as far 
as they could be traced, did not undergo any abnormal change in the super¬ 
saturated region. 

Having established the fact that the viscosity of such solutions changes 
in a continuous manner as they are cooled through and below the saturation 
temperature, the problem as to the quantitative relations connecting the 
viscosity of such solutions with changes of concentration and temperature 
naturally suggested itself to the mind. 

Most workers who have investigated the viscosity of solutions of solids 
in liquids have confined their attention to dilute solutions. We know very 
little about the behaviour of solutions in the neighborhood of the solubility 
limit. Yet for a complete theory of viscosity a knowledge of the behaviour 
of concentrated solutions is as necessary as a knowledge of the behaviour of 
dilute solutions. It was with the object of extending our knowledge in this 
direction that the present investigation was undertaken. Till an exact and 
comprehensive kinetic theory of liquids is established, no theoretical advances 
of fundamental importance are likely to be made in this field, and our route 
to progress will, necessarily, consist in extending the experimental data, and 
correlating the results obtained in different fields of investigation. 

The apparatus used and the method adopted for determining the vis¬ 
cosity of the solutions were the same as given in the previous paper. In view 
of the necessity of knowing the absolute viscosity of the solutions with greater 
accuracy correction for kinetic energy was applied wherever necessary. The 
corrected viscosity rjo is calculated by the formula* 


17 c = K 


ti.tj 


Np 


tl* + t2* 


tl + tj ’’ tl.t2(tl-|-t2) 
where K and N are constants depending upon the dimensions of the instru¬ 
ment. It will be seen that the density of the liquid (P) enters into the cor¬ 
rection term. As the correction for kinetic energy is at most five or six per 
cent of the value of the viscosity, and generally much less, it is not necessary 
to determine the density of the solution with very great precision. The 
variation of density with change of temperature was found to be n^ligible 
for the purpose, and an average value of the density was taken in calculating 
the correction. 


' J. Phys. Chem., 32 , 604 (1928). 
* Scarps: Gasz., 40 , 271. 



VISCOSITY OF SUPERSATURATED SOLUTIONS 


S3 


The viscometers used were the same as in the previous investigation. They 
were, however, recalibrated, and more accurate values of the ^Viscosity 
Factors^ were obtained by applying the correction for kinetic energy. 


It is well known that the formula for determining viscosity does not apply 
to liquids when the flow instead of being viscous is turbulent. The conditions 
under which transition from linear to turbulent flow takes place have been 
very thoroughly in^^estigated by Osborne Reynolds^ and a sharp criterion *s 
available which enables one to distinguish between the two regimes. Ac¬ 
cording to Reynolds the maximum mean velocity of flow for which we may 


expect viscous flow is given by the expression ^ cms per second where 

p.Jri 

rj is the viscosity and P the density of the liquid and R is the radius of the 

V 

capillary. The maximum mean velocity is given by the expression 


cms. per second where V is the volume of the liquid transpiring in the timet. In 
the present investigation, the actual velocities corresponding to some of the 
smallest values of ti and U were in all cases well within the critical limit at 
which the transition from linear to turbulent flow takes place. Thus in two 
cases where the critical velocities were 270 and 343, the actual velocities of 
flow were 33 and 24.6 cms per second respectively. 

The substances used in the present investigation were chosen arbitrarily 
from among those which are fairly soluble and thus enable one to prepare 
rather concentrated solutions. Both aqueous and non-aqueous solutions were 
investigated so as to obtain a general view of the phenomenon. The sub¬ 
stances examined in aqueous solution were sucrose, urea, acetamide, citric 
acid and sodium thiosulphate. All these substances form supersaturated 
solutions easily and the tendency towards spontaneous crystallization which 
interferes with the determination of viscosity in the supersaturated region 
is very weak if not altogether absent. The non-aqueous solutions investi¬ 
gated were those of resorcinol, acetamide, urethane in ethyl alcohol, phenan- 
threne and urethane in toluene. The degree to which non-aqueous solutions 
as a whole can be supersaturated is much smaller than that which is possible 
in the case of aqueous solutions. Solutions in ethyl alcohol could in some 
cases be cooled even 20® below the saturation point but it was not found pos¬ 
sible to cool solutions in toluene more than a few degrees below the saturation 
point. The parallelism between the capacity to form supersaturated solu¬ 
tions and the association of the solvent molecules is interesting, the solvent 
with the highest association factor—water—showing the phenomenon of 
supersaturation in the most pronounced manner. The data however, are 
not suflSicient to deal with this question adequately. 

Tables VII-XVI give the viscosities of solutions at different temperatures 
and concentrations. From these tables four sets of curves—(i) viscosity- 
temperature (2) viscosity-concentration (3) log viscosity-temperature aud 


1 Phil. Trans., 174 A, 935 (1883); 177 A, 157 (1886). 
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(4) log viscosity-concentration—were drawn. Before discussing the re¬ 
sults, it may be explained why it was considered necessary to plot the log¬ 
arithm of viscosity against concentration and temperature. 

The work of numerous investigators on the viscosity of liquids has shown 
that in the study of this property the logarithm of viscosity plays an impor¬ 
tant r 61 e. Arrhenius^ was the Gist to recognize the value of this function of 
viscosity and the formula that he proposed 

log^ = e.c 

Vo 

holds in the case of dilute solutions of non-electrolytes with considerable ac¬ 
curacy. 

His logarithmic formula 

log t; = 01 log rji + 02 log 172 

also holds satisfactorily for liquid mixtures when one component is present 
to the extent of less than 10 per cent. Again Dunstan and Thole^ have shown 
that a fairly exact linear relationship exists between molecular weights and 
logarithms of viscosity in several homologous series. The same linear rela¬ 
tionship is found to obtain in the homologous series in v^est^ gated by Thorpe 
and Rodger,® and it is thus possible to calculate the additive values of log 
viscosities for the more important elements and radichs. Seeing that log 
viscosity has played an important part in the development of the theory of 
viscosity, it was expected that the study of this function may bring out some 
interesting relation between the viscosity of the solutions and their concen¬ 
tration and temperature. The result of the study justified this expectation 
to a certain extent as the following paragraphs will show. 

Viscosity and Concentration 

The relation between the viscosity of the solutions and their concentra¬ 
tions may first be discussed. When the viscosity-concentration curves are 
drawn, the following points of interest about them are observed. 

(1) Out of the ten systems examined, four—sucrose, citric acid and 
sodium thiosuphate in water and resorcinol in ethyl alcohol—give viscosity- 
concentration curves with a positive curvature, i.e. the curves are convex 
to the concentration axis. Fig. i shows the results for solutions of sucrose 
in water and is typical of this class of curves. The curves in the case of the 
other six systems are straight lines as shown in Fig. a for solutions of ace¬ 
tamide in ethyl alcohol. 

(2) The curvature in the case of the first four systems decreases as the 
temperature increases. It may be assumed, therefore, that at sufficiently 
high temperatures, the relation between viscosity and concentration for these 
systems will become linear and in a line with the behaviour of the other six 
systems. In the case of the solutions of resorcinol in ethyl alcohol (Fig. 3) 
this transition from positive curvature to linearity can actually be seen. 

^ Z. physik, Chem., 1 , 285 (1887). 

* J. ch^. phyB., 7 , 210 (1909)1; Dunstan and Wilson: J. Chenu Soc., 91 , 90 (1907). 

* Phil. Trans., 185 A, ^97 (1894). 
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(3) The solutions for which the viscosity is not a linear function of con¬ 
centration are solutions of comparatively high viscosity. 

On plotting the logarithm of viscosity against concentration, the curves 
obtained show the following points of interest. 

(i) The curves for four systems—^urethane and phenanthrene in tol¬ 
uene, acetamide in ethyl alcohol and water—show a negative curvature 
i.e. the curves are concave to the concentration axis. Fig. 4 which shows the 
results for solutions of acetamide in ethyl alcohol is typical of this class of 



curves. The curves for the remaining six systems are straight lines ap¬ 
proximately parallel to each other as shown in Fig. 5 for solutions of sucrose 
in water. 

(2) Those systems whose viscosity-concentration curves are not linear 
give linear log viscosity-concentration curves and vice versa. 

As either rj or log is a linear function of concentration, the variation of 
viscosity with change of concentration may be represented by either of the 
equations. 

log rj = 0 C + 0 
77 = me + n 

where 0, or m, n are constants depending on the temperature of the so¬ 
lution. In those cases where the viscosity or log viscosity is a linear function 
of concentration the linearity of the curves is marked. The equations given 
above should, therefore, hold with a fair degree of accuracy within the limited 
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range of concentration examined. This range, as shown, in Table I, is suf¬ 
ficiently wide to make the equations of real use in calculating the viscosity 
of concentrated solutions. 


Table I 


System 

Sucrose- 

Urea- 

Acetamide- 

Citric Acid- 

Sodium 

water 

water 

water 

water 

Thiosulphate- 

water 

Range of 
concentra¬ 
tion* 

233-350 

120-151 

100-200 

208-280 

73-119 

System 

Resorcinol- 

Acetamide- 

Urethane- 

Phenanthrene- 

Urethane- 

Ethyl 

Alcohol 

Ethyl 

Alcohol 

Ethyl 

Alcohol 

Toluene 

Toluene 

Range of 

149-182 

44-103 

149-220 

40-70 

61-121 


concentra¬ 

tion 

* Concentrations are g^ven as grams per loo grams solvent. 

How far the values of viscosity calculated from either of the two equations 
log rj = 0 C + <#>»?= me + n agree with the experimental values within the 
ranges of concentration shown above may be illustrated by the following two 
examples in which the value of t] or log jj is calculated with the help of the 
corresponding equation and compared with the observed value. 

(1) For aqueous solutions of sucrose at 45® we get by substituting known 
values of log 77 and C in the equation log rj = 0 C 4- <j> 

T.944S = 0 X 233 + 0 
0-8357 = 0 X 350 + <j> 

Solving these two equations for 0 and 4> we get 

0 = 0.007617 and <l> = 1.8313 

The equation representing log viscosity of sucrose solutions at 45® thus 
becomes 

log 77 = 0.007617C — 1.8313 
Substituting C = 300 in this equation we get 

log 77 = 300 X .007617 — 1.8313 * 0.4538 
.•.77 = 2.84, the observed value being 2.83. 

(2) For solutions of urea in water at 40® we get by substituting known 
values of 77 and C in the equation 77 = me + n 

0.01438 = 120 m + n 
0.01665 = 151 m -|- n 

Solving these two equations for m and n we get m = 0.0000732 and n <= 
0.00559. 

The equation representing the viscosity of urea solutions at 40® thus becomes 
77 ^ 0.000073a C 4- 0.00559 
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Substituting C = 141 in this equation we get 

r; = 141 X 0.0000732 + 0.00559 
•*. rj = 0.01591, the observed value being .01587. 

It will be seen from the two examples given above that the equations log ri = 
0 C + and 7/ = me + n represent the variation of viscosity of concentrated 
solutions in a satisfactory manner. 

Whether or not the equations are valid for concentrations lower than those 
used in this investigation is a question that may well be asked, but is not easy 
to answer. The behaviour of solutions with regard to changes in viscosity 
is so complicated that no definite conclusions can be drawn with regard to 
solutions of lower concentrations from the phenomena observed with con¬ 
centrated solutions. Thus Bingham has pointed out that the fluidity-con¬ 
centration curves of many solutions have a point of inflection in them, the 
negative curvature at lower concentrations giving place to positive curvature 
as the concentration is increased. Under these circumstances it is extremely 
hazardous to predict the behaviour of solutions of lower concentration. It 
is probable that the equations log 77 = 0 C + 0 and 7/ = me + n do hold for 
some distance beyond the limits of concentration investigated. It is also 
possible to determine whether they hold right up to the limit of o concentra¬ 
tion in the following way. If we put C = o in the equation 77 = me + n we 
get 77 = n. It follows from this that if the equation is applicable right up 
to the limit of o concentration, the constant n should be equal to the viscosity 
of the pure solvent at the temperature in Question. The same may be said 
about the equation log 77 = 0c + 0. 

Two examples may be given to illustrate the point in question 

(1) Substituting values of 77 and C in the equation TT^mC + n for solu¬ 
tions of phenanthrene in toluene at 35° we get 

0.00863 = 50 m + n 
0.01014 == 70 m + n 

Solving these two equations we get m = .000755 and n = .00485. Now the 
viscosity of toluene at 35° is .00494 (Physico-Chemical Tables) which is 
very nearly equal to the value of n at 35°. We are, therefore, justified in con¬ 
cluding that the equation 77 = me + n holds throughout the whole range of 
concentration from 0-70 gms per 100 gms of the solvent. 

(2) Substituting values of 77 and C in the equation 77 = mC + n for 
solutions of urethane in ethyl alcohol at 20° we get 

0.02701 == 149.6 m + n 
0.03321 = 220.2 m + n 

Solving these two equations we get m = 0.0000878 and n = 0.0139. Now 
the viscosity of ethyl alcohol at 20® is .0119, which is different from the 
value of n at 20®. It is obvious, therefore that the equation is not appUcable 
to solutions of urethane in ethyl alcohol up to the limit of o concentration. 
At what point the curve begins to depart from linearity and the equation 
77 « mC + n ceases to be applicable can be determined only by experiment. 
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A number of formulae, whose applicability is rather limited, have been 
proposed for representing the relation between the viscosity of solutions and 
their concentration. In view of the success of Arrhenius’ equation 

log ^ = 6C 

in representing the viscosity of some fairly concentrated solutions with ac¬ 
curacy it was considered worth while to test its applicability to the con¬ 
centrated solutions examined in this investigation. It has been shown that 
this equation gives the best results when C is taken as the number of grams 
of solute in a fixed weight of the solvent. Throughout in this investigation 
C represents the weight of solute in loo grams of the solvent. 

To determine whether the Arrhenius equation is apphcable to the highly 
concentrated solutions under investigation the values of the expression 

log^/C 

Vo 

for different values of C may be compared with each other. If the equation 
is applicable, the values of the above expression should remain constant at a 
fixed temperature. Table II shows the calculated values of the expression 

log ~ /C at constant temperature for three of the ten systems investigated. 
Vo 

It will be seen from this table that the expression log ~ /C does not remain 

Vo 

constant as the concentration of the solutions varies. Similar results are ob¬ 
tained with the other seven systems. 

7? 

As the concentration C increases, the value of the expression log —/C 

Vo 

invariably decreases. Arrhenius’ equation is, therefore, not applicable to 
the highly concentrated solutions dealt with in this investigation. 

Table II 


Sucrose in Water Urea in Water Acetamide in Water 


c 

Log -/C at 45® 

Vo 

C 

Log ~/C at 40® 

77o 

c 

L08 5-/C at 35' 
Vo 

233 

0.00929 

120 

0.00282 

100 

0.00436 

2S7 

0.00914 

128 

0 

8 

K> 

0 

124 

0.00396 

300 

0.00889 

141 

0.00270 

160 

0.00346 

326 

0.00880 

151 

0.00266 

200 

0.00307 

3SO 

0.00873 






Viscosily and Temperature 


The relation between the viscosity of solutions and their temperature may 
now be discussed. When the viscosities of solutions are plotted against their 
temperatures curves similar to those shown in the previous paper arepbtained. 
There is no point of special interest about them. 'The study of the tempera¬ 
ture coefficients of viscosity is more interesting. The temperature coefficients 
for solutions of different concentrations are given in Table III. 
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Table III 


Cone, of Sucrose 
in water 233 

Temp. Coeff. 

So°-4o“ 1.77 

Temp. Coeff. 

40°-30° 1.97 

Cone, of Citric Acid 
in water i6t 

Temp. Coeff. 

40°-30° 1.46 

Temp. (^oeff. 

35°-2 5‘^ 1.50 

Cone, of Sodium Thio¬ 
sulphate in water 73 

Temp. Coeff. 

I 29 

Temp. Coeff. 

1.40 

Cone, of I^rea in 
water 120 

Temp. Coeff. 

45'’“35° 1.19 

Temp. (^oeff. 

35''"'25® 1.23 

Cone, of Acetamide 
in Ethyl Ale. 44.3 

Temp. Coeff. 

35°"-25° 1.27 

Temp. Coeff. 

25''-i5® 1-31 

Cone, of Phenan- 
threne in Toluene 40. i 

Temp. Coeff. 

5o®“-4o® 1.13 

Temp. Coeff. 

40^-30° 1.14 

Cone, of Urethane 
in Toluene 60.6 

Temp. Coeff. 

5o®-4o® 1.17 

Temp. Coeff. 

40°~"3o° 1.20 


257 

300 

326 

350 

1.86 

I .98 

2.12 

2.39 

00 

0 

2 45 

2.50 


178 

187 

207 


I- 5 I 

^•51 

I . 60 


T -55 

i '57 

I 66 


81 

92 

102 

119 

1-34 

1*35 

1-37 

1.41 

i- 39 (?) 

1.45 

I- 5 I 

1.56 

128 

141 

151 


1.20 

T .21 

1.21 




1.24 


62.8 

84-3 

102.9 


1.29 

1.32 

1-34 



1.36 



50.0 

61.3 

70.0 


113 

1.14 

1.14 


I-I 5 

i-iS 



00 

0 

H 

100.0 

121.1 


I.I8 

1.20 

1.20 



1.23 



69 


I. K. TAmm 



Table III 

(Continued) 


Cone, of Acetamide 





in water 

100 

124 

160 

200 

Temp. Coeff. 

45°-25° 

Temp. Coeff. 

1.29 

1.29 

1.30 

1*32 

3 S°- 25 “ 

1-34 

1-35 

1.37 

1.38 

Cone, of Urethane 





in Ethyl Ale. 

Temp. Coeff. 

149-6 

170.4 

200.0 

220.2 

35 '’- 25 ° 

Temp. Coeff. 

1.30 

1.316 

1.319 

1-324 

0 0 

30 -20° 

1.32 

1.34 

1.35 

I- 3 S 

Cone, of Resorcinol 





in Ethyl Ale. 

148.7 

160.4 

172.2 

181.7 

Temp. Coeff. 

0 0 

40-30 

Temp. Coeflf. 



1-57 

1.63 

30®-20® 

1.63 

1.63 

1.70 

1.71 


It will be seen from Table III that the temperature cdefficients of all solu¬ 
tions increase with increase of concentration and decrease of temperature. 
The effect of increasing the concentration or decreasing the temperature on 
the temperature coefficients of viscosity is the same as that on the viscosity 
itself. The parallelism between the viscosity of solutions and the tempera¬ 
ture coefficients of viscosity may be brought out in another way. We have 
seen that the viscosity of solutions and the temperature coefficients of vis¬ 
cosity both depend upon the concentration and temperature of the solutions. 
But it is possible, by taking an average of these quantities (for different 
values of concentration and temperature) to arrange the different systems 
investigated in the order of decreasing values with respect to these quan¬ 
tities. When the different systems are arranged in this manner, they are 
found to fall in the same order as shown below. 


Order with respect to viscosity 

1. Sucrose-water 

2. Resorcinol-ethyl alcohol 

3. Citric acid-water 

4. Sodium thiosulphate-water 

5. Acetamide-water 

6. Acetamide-ethyl alcohol 

7. Urethane-ethyl alcohol 

8. Urea-water 

9. Urethane-toluezte 

10. Phenanthrene-tcduene 


Order with respect to temp, coefl. of viscosity 

1. Sucrose-water 

2. Resorcinol-ethyl alcohol 

3. Citric acid-water 

4. Sodium thiosulphate-water 

5. Acetamide-water 

6. Acetamide-ethyl alcohol 

7. Urethwe-ethyl alcohol v 

8. Urea-water 

9. Urethane-toluene 

10. Phenanthrene-toluene 
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From the above it is obvious that the temperature coefficient of viscosity 
is in some way related to the viscosity itself. The greater the viscosity of the 
solution the greater is its temperature coefficient. It is difficult to say in the 
present state of our knowledge what is the significance of this relationship. 

When the logarithms of viscosity are plotted against temperature, it is 
found that the curves approach linearity to a greater or less extent. If the 
range of temperature is not too great, a straight line can be made to pass 



through all the points. Fig. 6 gives log viscosity-temperature curves for 
solutions of urethane in ethyl alcohol. All other systems give similar curves. 
It will be seen that the curves are a series of almost parallel straight lines. 
A very slight positive curvature is noticeable, however, the points in the 
middle invariably falling below the straight lines. The effect of change of 
temperature on log ri unlike the effect of change of concentration is the same 
in all the systems investigated, the log ly-temperature curves invariably 
showing a slight positive curvature. Log ?7-concentration curves, on the 
other hand are linear in the case of some systems and show a negative curva¬ 
ture in the case of others. 

Inasmuch as the logarithm of viscosity is only approximately a linear 
function of temperature the applicability of the equation of the type log 97 =* 
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kt + k' is very limited. The values of t) calculated with the help of this 
equation do not agree very well with the observed values unless the range of 
temperature chosen is small. 

Viscosity, Cencentration and Temperature 

A number of equations have been put forward connecting viscosity and 
concentration on the one hand, and viscosity and temperature on the other, 
but no effort has been made, as far as the author is aware, to connect all the 
three quantities in a single equation. It is shown below that an equation of 
this kind can be made to represent the viscosity of solutions when the fol¬ 
lowing two conditions are satisfied. 

(1) Arrhenius equation log r}/Vo == 0C should be applicable to the varia^ 
tion of viscosity of the solution with change of concentration. 

(2) 0 should be a known function of temperature. 

From PowelPs^ observations it can be shown that the viscosity of sucrose 
solutions is given by the equation log 17' = 0C where 77' is the relative vis¬ 
cosity of the solution (absolute viscosity of the solution divided by the vis¬ 
cosity of water at the same temperature), C is the concentration of the sugar 
in grams of solute per 100 grams of water and 0 is a constant for a fixed tem¬ 
perature. 

The constancy of 0 is shown by Table IV prepared by the author from 
PowelFs observations. 


Table IV 
Temp. == 2 5*^ 


Concentration C 

Relative 

Viscosity 

Logij' 

Log 1)7 C 

96.7 

12.701 

I.1038 

.0114 

730 

6.825 

0.8341 

.0114 

53-6 

4 073 

0.6099 

.0114 

4 S -0 

3.267 

0.5141 

.0114 

The value of 0 depends on the temperature and in order to discover what 
function of temperature 0 is, the values of 0 for different temperatures were 

calculated and are given in Table V. 




Table V 


Temperature 

Relative 

Viscosity ij' 

Log,' 

Log ijVC “ e 

25“ 

12.701 

I.1038 

.0114 

30° 

11,677 

1.067s 

.01104 

3 S“ 

10.724 

1.0302 

.01065 

40° 

9.911 

0.9961 

.01030 

45 “ 

9 -IS 9 

0.9618 

.00995 

50“ 

8,560 

0-9325 


On plotting these values of 0 against temperature 

a straight line is ob- 

tained, so that the relation between 6 and temperature t is given by the 


equation 


1 J. Chem. Soo., 105, i ( 1914 ). 
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e = kt + k' 

where k and k' are constants independent of C. Substituting kt + k' for 
0 in the equation 

log r;' = 0 C 

we get the equation 

log 77' = (kt + k') C 

This is a relation between the relative viscosity of sucrose solutions, their 
concentration and temperature, and with its help we should be able to cal¬ 
culate the relative viscosity of any sucrose solution provided the concentra¬ 
tion and temperature of the solution are given. 

In order to determine the values of the constants k and k' wc substitute 
known values of 0 and t in the equation 0 = kt + k' and get 

0.01065 = 35 k + k' 

O.OOQ95 = 45 k + k' 

from which k = 0.000070 and k' == 0.01314. 

So that the general equation Ix'tween the relative viscosity, concentration 
and temperature of sucrose solution becomes 

log r)' — (0.01314 — 0.000070 t) C 

The validity of this equation may lie tested by substituting known values of 
C' and t in it and comparing the values of relative viscosity thus calculated 
with those found experimentally by Powell. Table \T gives the calculated 
and observed values of relative viscosity of sucrose solutions. 

TABhK VI 


c 

t 

Calc. 77' 

(Observed •n‘ 

53-6 

ss'" 

4.08 

4.07 

96.7 

30° 

11.68 

11.68 

45-0 

0 

0 

2.91 

2 95 

73-0 

50° 

5 • 06 

5.11 


The agreement between the calculated and observed values of relative 
viscosity is fairly satisfactory. 

The equation log rj' = QC is not applicable to the solutions of dextrose 
and laevulose investigated by Powell. The values of the expression log tjV 
for dextrose and laevulose solutions calculated from PowelFs observations 
do not remain constant but gradually decrease as the concentration increases. 
The equation log r?' == (kt + k')C cannot, therefore, be expected to give cor¬ 
rectly values of rj' from known values of C and t. In the case of the con¬ 
centrated solutions examined in the present investigation log 77'/C likewise, 
diminishes gradually, as the concentration increases. The equation log 77' = 
(kt + kOC cannot, therefore, be applicable to these solutions either. The 
equation should, however, be applicable to all solutions in whose case Arr¬ 
henius’ equation has been shown to hold, provided 0 is a linear or some other 
definite function of temperature. 
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Table VIl 
Sucrose in Water 


Cone. 

50' 

45 “ 

40® 

35“ 

30* 

233 o 

0.68 

0.88 

1.20 

1.67 

2-37 

2 S 7-0 

1.02 

I- 3 S 

1.90 

2.70 

396 

300.0 

2.02 

2.83 

4.00 

6.05 

9.80 

326.0 

311 

4 -SO 

6.60 

10.42 

16.50 

3 SOO 

4 -SS 

6.8s 

10.88 

16.25 



Table VIII 
Urea in Water 


Cone. 

50“ 

45 “ 

40® 

35“ 

30“ 

25“ 

120.0 

0.01240 

0.01327 

0.01438 

0.01574 

0.01740 

0.01938 

128.0 


0.01370 

0.01490 

0.01638 

0.01810 

0.02016 

141.0 

0.01328 

0.01452 

0.01587 

0.01752 

0.01940 

0.02164 

1510 

0.01389 

0.01520 

0.01665 

0.01830 

0.02026 

0.02268 


Table IX 

Sodium Thiosulphate in Water 


Cone.* 

45 “ 

40“ 

35“ 

30“ 

25“ 

20* 

730 

0.031 

0035 

0.040 

0.047 

0.056 

0.068 

81.0 

0.038 

0.044 

0.051 

0.060 

0.071 

0.087 

92.0 

0.049 

0.056 

0.066 

0.079 

0.096 

0.119 

102.0 

0.059 

0.068 

0.081 

0.098 

0.122 

0.152 

119.0 

0.088 

0.103 

0.124 

0.152 

0.193 

0.252 


* Cone in case of sodium thiosulphate is given in terms of anhydrous salt. 


Table X 

Acetamide in Water 


Cone. 

45 “ 

40“ 

35“ 

30® 

01 

0 

100.0 

0.0153 

0.0173 

0.0198 

0.0230 

0.0265 

124.0 

0.0174 

0.0196 

0.0225 

0.0258 

0.0303 

160.0 

0.0200 

0,0228 

0.0260 

0.0303 

0.0355 

200.0 

0.0228 

0.0260 

0.0300 

0.0350 

0.0415 


Table XI 

Citric Acid in Water 


Cone.* 

45 “ 

40“ 

35 “ 

30“ 

25 “ 

20* 

161.0 

0.091 

0. 108 

0.129 

0.158 

0.194^ 

0.246 

00 

b 

0.114 

0.136 

0.166 

0.206 

0.258 

0-331 

187.0 


O.IS 9 

0.19s 

0.240 

0.306 

0.399 

207.0 

0.165 

0.208 

0.260 

0.332 

0 . 43 * 

0.568 
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Table XII 

Acetamide in Ethyl Alcohol 


Cone. 40® 

35 ° 

30® 

25° 

20® 

15° 

44.26 

0.01608 

0.01805 

0.02040 

0.02322 

0.02666 

62.81 

0.01899 

0.02145 

0.02458 

0.02832 


84-33 

0.02240 

0.02557 

0.02951 

0.03434 

0.04023 

102.9 0.02218 

0.02530 

0.02911 

0.03382 

0.03970 



* Cone, in case of citric acid is given in terms of anhydrous acid. 


Table XIII 

Phenanthrene in Toluene 


Cone. 

50° 

45 ° 

40 ®- 

35 ° 

30 *^ 

40.1 

0.006581 

0.006988 

0.007417 

0.007882 

0.008466 

so.o 

0.007132 

0.007549 

0.008036 

0.008626 

0.009227 

61.3 

0.007776 

0.008282 

0.008869 

0.009478 

0.01023 

0 

d 

0.008250 

0.008803 

0.009422 

0.01014 



Table XIV 
Urethane in Toluene 


Cone. 

50° 

45 ° 

40® 

35 ° 

60.57 

0.007605 

0.008240 

0.008927 

0.009761 

80.05 

0.008772 

0.009530 

0.01033 

0.01148 

100.0 

0.009823 

0.01075 

0.01183 

0.01313 

121.1 

0.01096 

0.01194 

0.01315 

0.01477 


30° 

0.01069 

0.01270 


Table XV 

Urethane in Ethyl Alcohol 


Cone. 

40® 

35 ° 

30° 

25° 

20® 

149*6 


0.01800 

0.02044 

0.02342 

0.02701 

170.4 


0.01889 

0.02144 

0.02486 

0.02880 

200.0 


0.02047 

0.02340 

0.02701 

0.03148 

220.2 

0.01896 

0.02152 

0.02460 

0.02849 

0.03321 


Table XVI 

Resorcinol in Methyl Alcohol 


Cone. 

35 ° 

30® 

* 5 “ 

20 ® 

15° 

148.7 


0. 1726 

0.2187 

0.2818 

0.3682 

160.4 

0.1601 

0.2006 

0.2550 

0.3280 


172.2 

0.1823 

0.2293 

0.2975 

0.3896 

0.5216 

M 

00 

0.2022 

0.2575 

0-3333 

0.4404 



10" 

0.03829 


25“ 

0.009988 


I5‘ 

o 03150 


10“ 

0.4854 

0.5883 
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Summary 

(1) The effect of change of temperature and concentration on the vk- 
cosity of concentrated solutions of several substances In the neighborhood of 
their respective solubility temperatures has been studied. 

(2) It has been shown that Arrhenius’ equation log = 0 C is not 
applicable to the solutions but the relation between viscosity and concen* 
tration may be represented by either of the two equations, 

log = 0 C + 

Tf = mC + n 

(3) It has been shown that log viscosity is approximately a linear func¬ 
tion of temperature. 

(4) A relation between the temperature coefficient of viscosity and the 
viscosity itself has been pointed out. 

(s) It has been shown that under certain conditions the viscosity of 
solutions of a substance under varying conditions of concentration and tem¬ 
perature may be obtained from a single equation 

log v' = (kt + kOC 

I desire to express my thanks to Professor DonnanJ[for his helpful criticism 
and advice during the course of this investigation. 

The Sir William Ramsay Lahoralories of Physical 
and Inorganic Chemistry, 

University College, 

London. 

July IS, 1928 . 



TWS EFFECT OF GASES ON THE RESISTANCE OF GRANULAR 

CARBON CONTACTS 


BY P. S. OLMSTEAD 

When the surface of carbonized anthracite coal or other charcoal is ex¬ 
amined microscopically, the surface resembles that of a sponge. As the magni¬ 
fication is increased, more and more surface irregularities may be seen. 
This, together with other evidence, has led investigators to believe that the 
submicroscopic surface is of the same type. Opening into the surface are 
pores or canals of submicroscopic cross-sectional areas which may approach 
molecular dimensions. Studies of adsorption of gases by carbon indicate not 
only that gas condenses on the surface of carbon, the phenomena of ad¬ 
sorption, but also that there are capillary forces sufficient to hold additional 
gas within the submicroscopic pores or canals, the phenomena of adsorption. 
In addition, in some experiments in which two granules of carbon were 
brought close enough together to conduct electricity, Ilolm^ found that the 
areas of contact for the individual conducting portions of the granules were 
less than 3X10''® cm. in diameter and that the current path was from carbon 
to carbon. 

The present paper corroborates these ideas and shows that: 

(1) Gas adsorbed on the surfaces of a carbon contact, increases its re¬ 
sistance and since conduction is from carbon to carbon this is interpreted 
to be an indication of a decrease in the effective area of contact. 

(2) In accordance with studies on the structure of the carbons the ex¬ 
istence of pores opening into the contact areas and therefore having diameters 
less than 3 X 10“*^ cm. has been demonstrated. When the contact area is 
partly outgassed, the pores act as reservoirs for additional gas which may 
have an effect on the resistance of the contacts. 

(3) A resistance measured under particular conditions has been related 
to the hydrogen content of the granules as determined by combustion. 

Apparatus and Method 

Due to the surface irregularities and the dependence of the resistance on 
the nature of the gas atmosphere surrounding the carbon granules, special 
precautions must be taken to insure reproducibility of results. In order to 
control the nature of the gas held by the carbon it is necessary that the con- 
can be outgassed at temperatures up to 20o°C to pressures of the order 
X mm.Hg and that pure gases can be obtained and admitted to 
thif contacts. 

,, In addition, since no two successive single contacts between granules 
cipld be expected to be identical on account of the nature of the carbon sur- 


* Z. tech. Physik, 6, 166 (1925). 
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face, an important step toward securing reproducible conditions was tbe iliB 
of a cell containing a large number (approximately 50,000) of grains df 
granular carbon so that each measurement was the result of an average effeat. 
One of the cells used is illustrated in Fig. i. It is essentially a short oirouiar 
cylinder of brass with a non-conducting constriction of lavite in the eenter. 




The portions of the cylinder on either side of this constriction are goUi<f»lsted 
and serve as electrodes. Discs of lavite with holes as indicated dose 1|ie «wb 
of the cell. This is held in a steel frame supported on steel points in 
bushings, permitting rotation about its axis by means of a nutor-dria^ 
magnetic field. The amount of rotation is limited only by the qnral otsa* 
ductors of fiexible copper wire. 
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T0 riyMdthe cell from building vibrations, it and the associated apparatus 
(except liw measuring circuit), shown schematically in Fig. 2 were mounted 
on a htsmy suspension unit which was supported from the ceiling by steel 
spriiip» wrapped with friction tape to produce damping of building vibrations.^ 
To seeafe thwmost probable force per contact configuration the carbon cham¬ 
ber was votttlid and stopped in a definite position. After each rotation, the 
refltetonee 1MI measured at a predetermined voltage by the Wheatstone 
bridge arraapinent indicated in the figure. This included a contacting device 
which allowed current to flow for only 0.005 second. The object of limiting 
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Fig. 3 


the time of Sow to such a short interval was to confine the heating to the 
contact surfaces only. 

To control the kind and pressure of the gas surrounding the carbon, the 
cell was mounted in a glass tube, which was supported in a horizontal position 
and connected by glass tubing through liquid air traps to a mercury dif¬ 
fusion pump. Numerous holes were drilled in the endplates of the cell to 
permit rapid dbanges in pressure of the enclosed gas. Hydrogen was ad¬ 
mitted from a tank of commercial hydrogen through the walls of a heated 
palladium tube. Nitrogen was generated by the reaction of a mixture of 
chemicaSy pure sodium nitrate and ammonium chloride. The reaction was 
selfHmatamed after being started by the application of a small amount of heat. 
The gas waa adinitted through liquid air traps and a mercury cut-out. By 
these meamrit was possible to obtain hydrogen and nitrogen of a high degree 
of purity. 

In fusefwbg the cell for use, all parts except the carbon were baked to red 
heat in an diitric oven to remove impurities, such as oil, etc. 

After assembly, the entire cell including the carbon was outgassed for 
so hours at a temperature of 2oo®C to a pressure of i X io~^ 

^ Opt. 80c. America, 10, 609-611 (1925). 
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mm. Hg. This was suflBicient to remove all gases except those t5om- 
bine definitely with the carbon. These are not driven off until tte earbon 
granules are treated in a destructive manner. Hence, they lamy be con¬ 
sidered as part of the adsorbent. 

The main tool in these experiments has been the measuwneii* of re¬ 
sistance at various voltages. A typical resistance versus voltage curve ob¬ 
tained at atmospheric pressure is shown in Fig. 3. It was obtaiaed by making 
resistance balances at successively higher voltages. The contacte were not 
disturbed between measurements. The significant characteristios of such a 
curve are: a decrease in resistance with increase in voltage; and a discon¬ 
tinuity at a relatively high voltage. The latter is more prominent in the 
corresponding current and power curves given in the same figure. A re¬ 
sistance-voltage curve of the type shown will be called a packing curve and 
the contacts used, packed or sealed contacts. 

Effect of Adsorbed Gas 

In experiments dealing with the sorption of gases by carbon, it has usually 
been found that the amount of nitrogen taken up varies wiA pressure and 
that at room temperatures the final equilibrium is reached practically in¬ 
stantaneously as is characteristic of adsorption. For this reason we may as¬ 
sume that the major effect of nitrogen on the resistance of carbon con¬ 
tacts will be due to the interposition of gas condensed on the contacting car¬ 
bon surfaces. 

In order to insure the complete removal of all residual adsorbed gases 
from the carbon before testing for the effect of nitrogen on the contact re¬ 
sistance of carbon granules, nitrogen was alternately admitted to a sample 
of carbon outgassed as indicated previously and pumped out to a pressure of 
I X io ~2 mm. Hg several times. Then, starting with the nitrogen at ap¬ 
proximately atmospheric pressure, the resistance at 1.5 volts was measured 
at room temperature in the manner mentioned. Resistances were obtained at 
various pressures down to i X lo-® mm. Hg. In these measurements the 
voltage was applied for a short interval of time in order to limit the heating 
effects to the contact areas. Two sets of measurements were made while the 
pressure was being increased and two while it was being decreased. The 
results are shown in Fig. 4. These represent approximately 1000 observations 
of resistance at the various pressures indicated. It is found that the re¬ 
sistance increases approximately logarithmically with the gas pressure. 
The resistance at 50 mm. represents a change from the ip^istance at the 
lowest pressure used of about 25%. This difference is quite h®nificant, since 
the measurement had a standard deviation of only 0.4%. Whenever the 
pressure was changed, the resistance changed within the time necessary to 
make the measurement. This indicates that the effect being measured de¬ 
pends on a very rapid equilibrium between the atmosphere and the carbon 
siirface. 

The data shown in Fig. 3 demonstrated the fact that the ludhtanee of a 
carbon contact decreases as the voltage increases. From the additc^ fact 
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Fig. 5 

Instsutaxieeus resistance vs. voltage curves to show the effect of temperature 













74 


P. S. OLMSTEAD 


that the resistance also decreases as the adsorbed gas is remoiiA tiMi fim 
carbon surface, i.e., as the pressure is decreased, we may con(|Wb IImA Ihe 
effect of the applied voltage is to remove gas from the contitiiiig msbm 
surfaces. Whether the removal of the gas by an applied voltaHe Ib 4 m to Mi 
electrostatic effect or is due to heating^ of the contacts or to a 
both effects has not been indicated. 


IN 5 TAHTANC 0 US RELSISTANCE: V 5 MM 
(P-tXIO'^ MM H9 NtTROGM 

CURVE 2 - RESISTANCE AT 
IMMEDIATELY AFTER PACKM 
CARBON AT VOLTAGE SHOWN 0 Y 
CURVE I 

CURVE 3 -RESISTANCE AT ij IOLT 3 
SEVERAL MINUTES AFTER PAOM^INC 
CARBON AT VOLTAGE SHOWN BY 
CURVE 1 




Adsorption measurements have shown that the amount itf fM adsorbed 
by carbon decreases as the temperature increases. TherefoiCi ssbether or not 
the voltage effect is to be attributed to heating of contactfi, 14 m external ap¬ 
plication of heat at constant voltage should produce a decraeae m msstanoe. 
This is shown to be the case at all voltages by the data pMMtod in Fig. 5. 
In this figure measurements are shown as the applied volt||ge ms increased 
to 52 volts and then decreased to 1.5 volts. Although the Mtom curves are 
practically identical, the packing curves show a decrea^i m resistance of 
approximately 50% at low voltages due to heating the Mibon to a little 
over loo^C. The irregularities in the 204^0 curves will fap teferred to in a 
later paragraph. 


Effect of Gas held in Pores 

i 

It has been observed in the last paragraph that the r«|ii||puioe'Voltage 
curve is not reversible for packed contacts, especially when thei|||i|ipiiedfvolt^ 
has been very high. To test the question of reversibility at all WNtges, meas- 


‘ Holm has shown that the temperature at the contacts is proportion 4 NNM square at 
the voltage, cf. Z. tech. Fhyshc, 3 ,290-394, 320-326,349-357 (1922). 
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ttrem6iit8 of resistances at 1.5 volts were made between readings at the high 
voltages. A set of curves of this type are shown in Fig. 6. It will be observed 
that up to about 15 volts the curve must be reversible since the 1.5 volt points 
are approximately the same as the original. Above this voltage, the resist¬ 
ance at i.s volts is never as high as it was originally. This may be interpreted 
to be the eflfect of driving some of the gas from the surface and producing a 
larger area <rf contact. As the voltage is increased further, the resistance at 
1.5 volts seems to increase with time. This has been attributed to the re¬ 
distribution within the contacts of the gas which is being supplied from the 
pores to take the place of some of that driven from the contact surfaces. 
These must be quite effectively sealed, because the resistance at 1.5 volts 
does not at any time resume its original value. (If the contacts are broken 
and a measurement made at 1.5 volts, the value has always been that of the 
original within the error of the test.) If sufficiently high voltages are used, 
the resistance at 1.5 volts becomes practically constant at a low value which is 
slightly above that at the high voltage. This difference may be attributed to 
the cooling of the sealed contacts, the effects of which will be shown later. 

It is now possible to explain the behavior of the 204°C curves in Fig. 5. 
Obviously, the pores were not outgassed at this temperature and when suffi¬ 
cient power was dissipated at the pore opening to upset the equilibrium, the 
gas expanded blowing the contacts apart, and caused new contacts higher in 
resistance to be formed. The same type of effect has been observed when the 
voltage was increased by too large intervals. In some cases it becomes im¬ 
possible to balance the bridge at a high voltage unless the voltage has been 
increased in small steps. 

The curves shown in Fig. 6 were obtained at a relatively low gas pressure. 
At atmo^heric pressure the time effect may entirely disappear or be in the 
opposite direction. Curves of this type have been obtained, but, since the 
next set of measurements show the same type of effect, they will not be illus¬ 
trated. 

The data considered cover the life history of a set of sealed contacts. 
These were sealed at a pressure of i X 10“^ mm. Hg, and, for a period of two 
weeks, the carbon chamber was carefully shielded from extraneous sound and 
building vibrations. First, several observations of the resistance vs. voltage 
curve at a low gas pressure were taken. Then, the pressure of nitrogen was 
increased to 63.5 mm. Hg. The resistance remained practically the same 
since the contacts were sealed and gas from the surrounding atmosphere 
could not reach the contacting surfaces. The pressure was reduced to 26.4 
mm. Hg with no apparent change. Other measurements were taken until 
the carbon chamber was rotated and the return curve at a pressure of 70 
mm. Hg taken. This checked very closely that taken at a pressure of 289 
mm. Hg two months earlier, as would be expected from the data given in 
Fig. 4. It was also noticed that the packing curve taken after these data was 
ve^ nei^rly identical with that taken before. In addition, a comparison of 
mewilieiiient^ of resistance at 1.5 volts indicated that no change had taken 
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place. Hence, if the contacts had not been sealed during these observa-^ 
tions, the resistances at 63.5 mm. Hg would have been approximately the 
same as those on the return curve taken later. 

It was observed that the resistance at 1.5 volts for the packed contacts 
showed a tendency to decrease with continued applications of the 
voltage. It is believed that during this period of time, the contact 
tinually losing gas as a result of the successive application of 



Fia. 7 

Instantaneous resistance at 1-1/2 volts vs. tune at different pressures ofHUMMli MiNw 

previously packed at 54 volts. 

While this set of data was being taken, measurements were<li|li» gnliitei'iiw 
determine the time drift, at 1.5 volts, after the contacts had rea^^^gt jgpjp i* 
rium at 54 volts. The types of curve obtained are shown in FiglllHrawB^ 
illustrate two kinds of time drift: one, an increase in resistance wUlliiMksi 
relatively short time; the other, a decrease which took a longer peridillf lanRi< 
but of which the larger part took place in the first three minutes. 
external gas pressure was approximately i mm. Hg, the resistance rel||i||ll|i^ 
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practically constant as indicated in the fourth curve. If, however, the ex¬ 
ternal pressure was less than i mm. Hg, the resistance increased with time, 
and, if greater, it decreased. 

A simple explanation is that the pressure inside and outside of the con¬ 
tacts must be in equilibrium. When heat in the form of power dissipated at 
the contacts is applied, the amount of free gas within the contacts is increased. 
ITien, if the gas pressure outside is low, the contacts tend to increase in re¬ 
sistance due to decreasing area of contact caused by expansion of the gas 
within the contacts. The resistance may show a final tendency to decrease 
due to cooling, that is, the pressure inside becomes lower. If the gas pressure 
outside is high, it, combines with the cooling of the contacts, causes a de¬ 
crease in resistance due to increased area of contact. 
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PRESSURE OF SURROUNDING HYDROGEN - MM. 

Fig. 8 

If this explanation is correct, it should also be possible to change the 
equilibrium resistance of packed contacts by changing the gas pressure sur¬ 
rounding them. Fig. 8 shows that this condition has been experimentally 
verified. 

Another check of the above explanation is presented in Table I. The 
third row of data gives the averages of resistances determined at 54 volts cor- 

Table I 

Number of Observations 3322 

Pressure of Hydrogen in 

mm. Hg 310 150 10 I 

Resistance after Packing 

(Hot Contacts) 48.7 47.0 46.0 37.0 

Resistance after Cooling 

(Cold Contacts) 46.7 45.7 44.5 36.0 

responding to the four pressures of hydrogen indicated in the table. In de¬ 
termining these resistances, the packing voltage was intermittently applied 
until the resistance remained constant. Under these conditions, the pressure 
in the contacts should have been higher than when the contacts were at room 
temperature. Hence, the resistance immediately after packing should be and 
was higher lhan that at the same voltage after cooling. It should also be noted 
that the difference between the hot and cold resistance was greater at the 
higher external gas pressures. This was to be expected since upon cooling the 
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contacts would be forced closer together at the higher than at the lower ex¬ 
ternal pressures. 

A similar increase in resistance with temperature was observed by apply¬ 
ing small temperature changes to a sealed contact and its surrounding atmos¬ 
phere. In this case, illustrated in Fig. 9, the increase in temperature caused 
some of the gas within the contacts to be driven from the surface, increasing 



Fia. 9 



Fio. 10 

the pressure. This in turn, caused the area of contact to be decreased, and, 
hence, the resistance to increase. The results are in accord with those shown 
in Table I. 

Effect of Combined Hydrogen , 

For measurements of this type, the resistance of several oarboai 1 |i||l!li 
contained amounts of combined hydrogen up to r.o% were oompai<sdr 
other experiments it has been found that the presence of larger amounts of 
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hydrogen are due to the fact that the thermal decomposition of the raw ma¬ 
terials has not been carried as far as in the case of samples containing less 
hydrogen. In Fig. 3 it is shown that when the voltage exceeds a certain value 
a break appears in the instantaneous resistance versus voltage curve. This 
voltage corresponds approximately to a temperature of the contacts just 
exceeding the maximum temperature reached during the preparation of the 
samples. It seems reasonable that the magnitude of this break would depend 
on the amount of combined hydrogen. In some cases, the resistance de¬ 
creased from as high as 35 ohms to 7 ohms. The low value of resistance was 
the same for all carbons and is therefore interpreted to be the resistance of 
the contacts after the chemically combined gas in the neighborhood of the 
contacts is removed. Fig. 10 shows that the resistance at this critical voltage 
Vs is directly related to the percent of combined hydrogen contained in the 
carbon and therefore probably to the specific resistance of the carbon. There 
was no relation whatever between the instantaneous resistance at any other 
voltage and the percent of hydrogen. 

Summary and Conclusions 

A method has been described whereby reproducible measurements of the 
resistance of granular carbon contacts can be made. The experimental ar¬ 
rangement was such that the resistance could be measured as a function of 
gas pressure, applied voltage or time. 

Experiments have been described which show that when their surfaces 
are in equilibrium with the surrounding atmosphere, the contact resistance 
between carbon granules increases with the gas pressure over the range 
I X io~® mm. Hg to about 760 mm. Hg. This increase in resistance was 
shown to be reversible and was related approximately logarithmically to 
the pressure of the surrounding gas over this pressure range. At con¬ 
stant pressure the increase in resistance diminished as the temperature 
was raised. Since these experiments were performed with nitrogen, which 
has been shown by other investigators to be adsorbed reversibly by car¬ 
bon, the amount adsorbed increasing logarithmically with the pressure and 
decreasing with the temperature, we are led directly to the conclusion 
that the resistance of a granular carbon contact is determined in part by 
the amount of gas adsorbed on the carbon surfaces at the contact. 

At constant pressure it was shown that the contact resistance decreased 
as the voltage was increased. Experiments were also described which showed 
that at both constant pressure and constant voltage the resistance decreased 
as the temperature was increased as would be expected from adsorption meas¬ 
urements since the amount of gas adsorbed by carbon decreases as the tem¬ 
perature increases. These facts, together with the fact that the temperature 
at a contact is proportional to the square of the voltage, indicate that at 
least part of the effect of the applied-voltage in reducing the resistance of a 
granular carbon contact may be due to the increased temperature of the con¬ 
tact. The experiments do not preclude, however, the possibiUty of there 
being also a purely electrostatic effect. 
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The effect of gas held in the poies of the carbon on the contact resistandt 
was described. Depending on the gas pressure surrounding the granule^ 
the resistance increased or decreased with time after the equilibrium was dis* 
turbed by appl}ring heat at the contact only. This phenomenon was due to 
evolution of gas entrapped in pores opening into the areas of contact. 

It was shown that after the voltage increases above a certain value, de¬ 
pendent on the kind of carbon used, there occurred a sudden decrease in the 
resistance. It is suggested that this critical voltage is related approximately 
to the temperature at which further thermal decomposition of the granules 
begins. If it is assumed that the amount of combined hydrogen, as deter¬ 
mined by ultimate analysis, is an approximate measure of the specific 
resistance of the carbon, then the instantaneous resistance at this critical 
voltage is also a measure of the resistivity of the carbon. The results indicate 
that there is a linear relationship between the resistance in ohms at this 
voltage and the percent hydrogen of composition. 

In conclusion, it may be stated that it has been demonstrated by a study 
of the resistance of granular carbon contacts that experiment can readily 
distinguish the effects of gas held by carbon (i) on surfaces in contact, (2) 
within pores, and (3) interatomically or chemically combined. 

The success of these experiments has been enhanced by helpful criticisms 
and suggestions by Drs. W. A. Shewhart and H. H. Lowry. The work itself 
was performed with the assistance of Messrs. W. E. Orvis and G. G. MuUer. 
I am also indebted to Miss A. E. Hamilton for the preparation of the il¬ 
lustrations. 

BeU Tdephone Laboratories, 

New York City. 



THE ACTION OF HYDROGEN SULPHIDE ON (CHROMATES. PART I 


BY H. B. DUNNICLIFF AND C. L. SONl 

While studying the action of hydrogen sulphide on potassium chromate, 
potassium dichromatc, and chromic acid in aqueous solution, it was found 
that with potassium chromate the products of the reaction are potassium 
thiosulphate and pentasulphide, sulphur and chromium hydroxide. When, 
however, an aqueous solution of chromic acid is treated with excess of hy¬ 
drogen sulphide, the filtrate is neutral and the green precipitate which is 
formed contains the sulphate group. This coordination compound is slowly 
hydrolysed by water giving chromic hydroxide and sulphuric acid. It is de¬ 
composed by alkalies giving chromium hydroxide and a soluble sulphate and 
by hydrochloric acid giving a chromic salt and sulphuric acid. In neither 
case have thionic acids been detected. Further, when potassium dichromate 
is treated with hydrogen sulphide, a brown precipitate first forms which con¬ 
tains the sulphate group and the filtrate from the incomplete action also con¬ 
tains sulphate. Obviously therefore sulphates can be formed by the action 
of chromic acid and a dichromate on hydrogen sulphide and the details of 
these reactions will be given in another communication. Since sulphates are 
not decomposed by hydrogen sulphide, it appears that the presence of hy¬ 
droxyl ions presents the formation of sulphate in the action of hydrogen sul¬ 
phide on potassium chromate. The interpretation of this reaction is the 
subject of the following report. 

Experimental 

Potassium chromate was recrystallised until free from carbonate and sul¬ 
phate and analysed by standard methods. 

Found : Cr = 26.73%. K = 40.22%, Cr04 = 59.7%. (K2Gr04 requires Cr = 
26.77%); K = 40.28 %j and Cr04 = 59-74%). 

A 2% solution of potassium chromate was used. It was found necessary 
to pass sulphuretted hydrogen, purified by passing successively over iodine 
and through water, for about 16 hours in order to complete the reaction. The 
following sequence of colour changes took place:— 

Yellow—>dirty yellow—flight green-^green-^dirty green. 

On standing, there was a green precipitate formed and the supernatant 
liquid was golden yellow. The reaction is accompanied by marked rise of 
temperature and the final solution is strongly alkaline. The precipitate was 
filtered off but, on evaporating the filtrate, a further quantity of precipitate 
separated. The filtrate from the second precipitate could be concentrated 
without any deposition of sulphur. 

The two precipitates consisted of chromium hydroxide mixed with sul¬ 
phur. No sulphur acid, possibly present as a basic salt, could be detected. 
When the precipitate was digested with dilute hydrochloric acid, the chro- 
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mium hydroxide went into solution and the sulphur remained and was easily 
filtered off. The chromium was precipitated as chromium hydroxide and 
weighed asCrjOs. Found Cr = 26.75-26.82%. K8Cr04 requires Cr = 26.77%. 

The golden yellow, strongly alkaline, filtrate was treated with white lead 
to remove hydrogen sulphide, and filtered. The solution then contained a 
considerable amount of potassium carbonate and, on adding barium nitrate 
to it, a copious precipitate was obtained. When thoroughly washed this 
precipitate was shown to be free from sulphate and sulphite. The latter was 
not likely to occur in view of the large excess of sulphur present in the strongly 
alkaline solution. The filtrate was carefully neutralised and tested for sul¬ 
phur acids in the manner discussed by Dunnicliff and Nijhawan.* Thio¬ 
sulphate was present but none of the thionic acids was detected. The reaction 
was carried out under different conditions of temperature and concentration, 
but the end products were always the same: chromium hydroxide contami¬ 
nated with sulphur was precipitated and, in solution, sulphide, polysulphide 
and thiosulphate of potassium and colloidal sulphur. 

H. Bottger® states that if sodium pentasulphide is boiled with lead hy¬ 
droxide, lead sulphide and sodium thiosulphate are formed, and gives this as 
evidence for stating that the alleged pentasulphide behaves like a mixture of 
sulphur and sodium monosulphide, lead sulphide and sodium hydroxide being 
first produced, and sodium hydroxide subsequently reacting with sulphur 
to give thiosulphate. Hence to avoid the use of white lead for the removal 
of sulphuretted hydrogen, the excess of hydrogen sulphide was removed by 
heating the clear filtrate under reduced pressure. 

In order to obtain a higher concentration of filtrate, 10% solutions of potas¬ 
sium chromate were used and, to accelerate the completion of the otherwise 
very slow reaction, the reaction vessel was maintained at about 8o-85°C on a 
water bath. The liquid was filtered and the filtrate was evaporated under 
reduced pressure until no further precipitate of chromium hydroxide and sul¬ 
phur occurred. The liquid was filtered into a distillation fiask and evapora¬ 
tion under reduced pressure continued imtil crystals appeared in the liquor 
on cooling. Provided these crystals were kept out of air contact they could 
be redissolved, re-evaporated and recrystallised without the separation of 
any sulphur. 

The yellow crystals were dried on a porous plate and were completely 
soluble. A turbid liquid resulted if they were shaken with water owing to 
access of oxygen. With dilute adds, a copious evolution of hydrogen sulphide 
took place and much dilphur separated. All efforts to separate the poly¬ 
sulphide by means of alcohol were unsuccessful. This confirms the observa¬ 
tions of W. P. Bloxham* who states that, “though potassium pentasulphide 

is soluble in alcohol, it cannot be separated from the thiosulphate, by means 
-— ----- ■' » 

^ J. Chem. Soc., 128 , i (1926); Kurtenacker and WoUok: Z. anorg. allgem. Chem., 181 , 
201; Kurtenacker and Goldbach: 168 , 177 (1927). 

* Ann. SuppL, 223 , 352 (1884). 

* J. Chem. Soc., 77 , 753 (1900). 
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of this solvent because in the presence of potassium pentasulphide some thio¬ 
sulphate dissolves.” 

Attempts were made to find the composition of the mixture of poly¬ 
sulphide and thiosulphate which separates in the crystalline form though, in 
view of the work of Kiister and HeberleinS its appeared probable that the 
nature of the product would depend upon experimental conditions such as 
temperature, concentration and time. 

W. P. Bloxham states that "'hydrogen sulphide rapidly decomposes poly- 
sulphides, if passed through a cold solution, sulphur being copiously de¬ 
posited and potassium hydrosulphide formed. If, however, hydrogen sul¬ 
phide is passed through a hot solution of a polysulphide, no deposition of sul¬ 
phur is observed, but the depth of colour is increased. It is suggested that 
some potassium hydrosulphide is formed on passage of hydrogen sulphide 
through a hot solution of K4S9, and that the liberated sulphur, at the mo¬ 
ment of its separation, is taken up by unaltered K4S9, forming the higher 
compound K4S10”. 

The following are the properties of the crystals obtained from filtrate, 
which is golden yellow when concentrated and bright yellow when dilute. If 
the crystals are left in contact with the mother liquor for some time the 
polysulphide is oxidised to thiosulphate and free sulphur appears. The 
crystals are hygroscopic and cannot be dried completely. They decompose if 
complete dehydration is attempted and also on preservation, hydrogen sul¬ 
phide being evolved. This reaction finally ceases and very old crystals 
contain no sulphide but much free sulphur. Fresh crystals are very soluble 
in water giving a clear solution which decomposes potassium chromate giving 
chromic hydroxide and which is decomposed by salts and dilute acids giving 
free sulphur. When heated on a platinum loop the crystals burn. DrescheP 
states that this indicates the presence of a pentasulphide. 

In view of the impossibility of drying the product, the following method 
of analysis was adopted. The crystals were filtered from the mother liquid 
as far as possible out of air contact and then quickly pressed on a porous 
plate or between filter paper and the product used for analysis. 

(a) Total Sulphur was determined by treatment with sodium peroxide and 
estimation of sulphate in the melt. 

(b) Total Potassium, A solution of a weighed quantity of the substance 
was divided into two parts. To one, strong hydrochloric acid was added and 
the solution boiled in order to coagulate all the sulphur which separated out. 
The filtrate from this was evaporated to dryness in a platinum dish and the 
amount of potassium chloride in the dish determined by titration against 
standard silver nitrate. The corresponding amount of potassium was cal¬ 
culated. 

(c) Thiosulphate, To the other half of the solution, acetic acid was added. 
The solution was kept just acid and gently warmed. After filtering off the 

* Z. anorg. allegem. Chem., 43 , 53 (1905). 

* J. prakt. Chem., (2) 4 , 20 (1871). 
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sulphur, and removing hydrogen sulphide, the clear filtrate was titrated 
against standard iodine solution to determine the amount of potassium thio* 
sulphate present. This method was shown to be valid by control experiments. 

These estimations make it possible to calculate the formula of the poly¬ 
sulphide of potassium, KaSy, present in the crystals (vide Table I, column I). 

Hydrogen sulphide was passed through six different samples at 85°C and 
the filtrate obtained from them was evaporated, crystallised, and analysed 
separately. The results so obtained are given in Table I. The variations in 
the results indicate the instability of the crystals. Each result represents the 
average of two or three determinations. 

Table I 

Results of Analysis of Different Samples 

Analysed Analysed 

Analysed immediately after crystallisation after 24 after 4 


Concentration of 

2% 

5 % 

10% 

15% 

hours 

10% 

days 

10% 

K2Cr04 solution used 

approx. 

approx. 

approx. 

approx. 

approx. 

approx. 

a. Total potassium 
present 

29.40 

23-30 

22.31 

32.02 

20.68 

2450 

b. Total sulphur 
present 

3905 

27.44 

30.98 

44.00 

27.90 

29.51 

c. Potassium thiosulphate 
K2S2O3, 5H2O 

61.18 

56 -34 

45-43 

67-39 

42.38 

70.12 

d. Potassium present as 
thiosulphate 
(Calculated from c) 

17-05 

15.69 

12.65 

18.77 

11.80 

19.53 

e. Sulphur present as 
thiosulphate 
(Calculated from c) 

13.98 

12.87 

10.39 

15-40 

9.69 

16.03 

f. Potassium present 
as sulphide == 

(a-d) 

I 2 - 3 S 

7.61 

9.66 

13-25 

8.88 

4.97 

g. Sulphur present as 
sulphide = (b-e) 

25.07 

14.57 

20.59 

30.60 

18.21 

13.43 

h. Calculated formula 

K 2 Sy 

K 2 S 4.«6 

K2S4.67 

K2S(.io 

K2S5.24 

K2S6.00 

K2S6.61 


Discussion of Results 

In sample 6 , the formula K2S6.6 is obtained for the polysulphide. When 
crystals of this sample, apparently quite clear, were dissolved in water the 
liquid became cloudy from the separation of sulphur. From this it is con¬ 
jectured that some of the sulphur was present in solid solution. It was prob¬ 
ably developed by the action of the air on part of the polysulphide present 
since H. Rose^ showed that all polysulphides take up oxygen from the at¬ 
mosphere forming thiosulphate and sulphur. 

1 Pogg. Ann., 17 , 327 (1820); 55 , 353 (1842). 
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2K2S5 + 302 = 2K2S2O3 + 6S.(1) 

This would kad to high values for the thiosulphate and for y in the formula 
K2S^ (Table I). Pentasulphides react with water to give thiosulphate and 
hydrogen sulphide^ 

K2S6 + 3H2O = K2S2O3 + 3H2S.(2) 

This would result in an increase in the relative amount of thiosulphate at the 
expense of the polysulphide present without affecting the composition of the 
resulting sulphide. T'he crystals obtained smell strongly of hydrogen sul¬ 
phide and the variation in the thiosulphate content in the final moisture when 
the formula of the polysulphide is K2S5 may possibly be accounted for in 
this way. 

Sample 5 was closed up in a small bottle and may not have suffered oxida¬ 
tion as shown in the above equation (1). The 6th sample was kept in a 
desiccator which happened to be opened several times during the four days 
it was kept there. It was not possible to determine the proportions in which 
thiosulphate and polysulphide are formed. Bloxham (loc. cit.). 

The Mechanism of the Reaction :— 

It has been shown- that the sulphate ion consists of four oxygen atoms 
grouped tetrahedrally round a central sulphur atom (S®). 

If a coordination linkage is represented by the sign, — and a covalent link¬ 
age thus, —> the formula of sulphuric acid becomes: 


0 ^ 

^ 0 

n 

0 ^ OH 

f: 



. 2H' or S 


^0 


0 ^ ^ OH 


Similarly chromic acid is: 




Cr 

'^O 


. .2H- 


Jaeger® and Freiman and Sugden^ give the formula as: 


HO \ ^ O 

Cr 


the semipolar linkage — of Lowry having the same significance as the co¬ 
ordinate valency of Sidgwick. 

R. Luther and T. F. Ruther® suggest that in certain reactions the reduc¬ 
tion of a chromate to a chromic salt proceeds in the stages Cr'^* Cr'^ Cr*^ 
—> ('r“\ Evidence is adduced for the existence of a quinquevalent chromium 


^ H. C. Jones: J. Chem. Soc., 37 , 461 (1888). 

^Bradley: Phil. Mag., (6) 49 , 1225 (1925); James and Wood: Proc. Roy. Soc., 109 A, 
598 (1925); Wasastjerna: Phil. Mag., (7) 2, 292; Dickson and Binks: 114 (1926). 

^ J. Chem. Soc., 11411 , 33 (1918). 

^ J. Chem. Soc., 1928 , 263. 

®Z. anorg. Chem., 54 , i (1907). 
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atom,* which is a more rapid oxidising agent than chromic acid. This does not 
appear to be the course of the reaction in the reduction of chromic acid by 
hydrogen sulphide. Potassium chromate solution undergoes partial hydrolysis 
forming potassium hydroxide and chromic acid and their dissociation products. 
Potassium hydrosulphide is formed in solution. The decomposition of the 
chromic acid is attended with the separation of sulphur. The potassium com¬ 
pounds formed in this reaction, i.e. polysulphide and thiosulphate cor¬ 
respond exactly with those produced by the action of potassium hydrosul¬ 
phide on sulphur in the presence of water under the conditions of the experi¬ 
ment. (v.s.). The quantitative formation of chromium hydroxide and the 
total absence of sulphate in the products of the reaction may be accounted 
for as follows:— 

The hydrate of sulphuric acid has been shown to have the formula*:— 
HO\ 

S O 

HO ^ O H 

By analogy it is su^sted that the first action of hydrogen sulphide on 
chromic acid is 


HO^ 

Cr S 

HO'^ 

Hydrogen sulphide is an endothermic compound and the disturbance caused 
by the linking of the atoms as shown involves an exothermic reaction resulting 
in a disruption of the molecule with loss of sulphur and the formation of a 
compound: 

( H —^ 0 -^HA 

Cr^ I 

H — 

which immediately resolves itself into 

HO\ ^OH 

Cr" 

HO^ "^OH 

a rearrangement involving the reversion of electrons from a valency orbit 
to one of the inner orbits. Tetravalent chromium or chromium compounds 
showing a coordination number = 4 have so far not been observed and, even 
if they existed they would, on decomposition in the presence of a reducing 
agent, probably yield chromous compounds. 

If chromous chloride is dissolved in ammonia, the complex [Ci^(NHi)«]" 
.... 2CI' is formed. This compound resolves itself spontaneously ihto the 

t Weinland and Fridricb: J. Chem. Soc. 901 , 37 (1906). See also Wagner and Preias: 
Z. anorg. allgem. Chem., 128,265 (1928). 

* ^dgwick: "Electronic Theory of Vidency”, p. 286 (1927). 
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trivalent compound [Cr'“(NH3)6] ‘* .. .sCl' with evolution of hydrogen. 
Similarly the compound (OH) 4 (v.s.) apparently rearranges itself into a 
coordination compound of the type:— 




(OH)3j 


which reacts with the ionisation products of hydrogen sulphide, 


H2S H* + HS' 2H- + S", 


the latter stage being considerable in alkaline media. ^ The hydroxy and 
hydrogen ions form water and the electrons associated with the S'' or SH' 
ions are transferred to the complex with the formation of colloidal sulphur 
or polysulphide and, also in the colloidal form, the compound: 

3H2O “ 

Cr 

. (OH)3j, 


a gray-green substance^ also formed by the complete hydrolysis of CrCls. 
6H2O. This loses its coordinated molecules of water and eventually co¬ 
agulates giving chromium hydroxide® Cr(OH)3. 

Conventionally the reaction may be represented by the equation: 

2H2Cr04 + 3H2S = 2Cr(OH)3 + 2H2O + 3S. 

A confirmation of this equation by a determination of the sulphur acids and 
free sulphur is not practicable on account of the complicated action between 
sulphur and potassium hydroxide. 

Department of Chemistry^ 

Gfwemment CoUege, 

Punjab University, 

Lahore, India, 


^ Bassett: ‘‘Theory of Quantitative Analysis,*' pp. 40, 160, et seq. 

* Bjerrum: Z. physik. Chem., 73 , 724 (1910). 

• Bjerrum: loc. cit., where evidence for the single formula is given; see also Weiser: J. 
Phys. Chem., 24 , 277 (1920}; 26,401 (1922). 



NOTES ON DUAL EMULSIONS, WITH EXAMPLES OF INTEREST 
IN THE SPRAYING OF TREES 

BY ROWLAND MARCUS WOODMAN 

Robei-tsonS Clayton^ Seifriz^ Woodman* and others, have shown that 
in some emulsion systems inversion can be accomplished simply by alteration 
of the phase-volume ratio. Instances of dual emulsions existing at the same 
phase volume ratio with the same emulsifier present in the same amount, are, 
however, of much rarer occurrence: Clayton^ noted a tendency of margarine 
emulsions to invert completely when subjected to violent agitation; Scifriz^ 
has shown that standing, with subsequent reshaking, of emulsions contain¬ 
ing certain petroleum oils causes inversion, whilst Woodman* demonstrated 
this standing effect to hold in the system cresylic acid-water-gelatine, and also 
that an actual prediction of the emulsion type formed by shaking together the 
phases may be made according to the mode of shaking employed. The present 
paper consists of observations on other systems giving dual emulsions at the 
same phase-volume ratio, special attention being paid to the significance of 
the results in the preparation of spraying emulsions. 

The first example was a sample of B.D.H. petroleum ether A.R., b.p. 
100 — i2o®C., guaranteed to conform to the standard of purity given in “The 
B.D.H. Book of A.R. Standards (1926).'’ Ten c.c. of this were vigorously 
and intermittently shaken in a cylinder with 10 c.c. of 0.5% potassium oleate 
solution^ three hand-shakes at intervals of 30 sec. being found necessary at 
2 5°C. to form the 0 in W type®, which creamed normally upwards*. The ex¬ 
periment was repeated in another cylinder, 3-5 shakes apparently producing 
a perfect 0 in W emulsion, judging by the film on the cylinder side*; owing 
however, to a lack of that permanent and abundant foam which characterises 
complete emulsification of large quantities of oil in an aqueous medium^, the 
shaking was continued, ii shakes producing no obvious difference. The 
emulsion was found to be W in 0 by the drop test, and emulsification must 
have been complete according to the continuously-draining film on the 
cylinder side*; the emulsion, however, creamed upwards, as if O in W, and not 
downwards, as would be expected of a W in 0 type when the oil is less dense 
than water*, and, therefore, both types of emulsion were suspected as being 
present at the same time. On reshaking and keeping the emulsion 42 hr., 
drop tests showed both types of emulsion present in the cream, the lower 

* Robertson: KoUoid-Z., 7 , 7 (1910). 

* Clayton: J. Soc. Chem. Ind., 36 , 1205 (1917); Trans. Faraday Soc., 16 , Appendix, 22 
(1921). 

* Seifriz: J. Phys. Chem., 29 , 834 (1925). » 

^Woodman: J. Phys. Chem., 30 , 658 (1926). 

* Potassium oleate from the sample described by Woodman: J. Agric. Sci., 17 ,44 (1927). 

’ O represents the non-aqueous j^ase in all cases. 

’ Woodman: J. Pomol. Hort. Sci., 4 , 95 (1925). 
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portions containing more W in O; after 50 hr., the emulsion was wholly O in 
W, thus showing inversion.^ 

The experiment was repeated twice, in one, vigorous intennittent shaking 
being employed, and, in the other, gentle partial rotation previous to vigorous 
shaking.2 The first emulsion was a perfect O in W type, formed in 3-4 shakes 
at intervals of 30 sec., and creaming upwards and normally. The second, 
by drop tests, was found to be an imperfect (?.e., incomplete and unstable), 
W in O type, creaming rapidly to give excess oil continuous phase over W in O 
emulsion cream surmounting unemulsified aqueous phase; on reshaking once 
and leaving 15 min., the cream was () in W, showing inversion^ though this 
emulsion was unstable and completely cracked in about an hour. It will be 
noted that the methods of shaking are the reverse of those in the system pre¬ 
viously examined'^. 

A third set of experinumts was made wdth the ultimatt^ notion of employing 
certain hydroxyl compounds as insecticides, ovicides and winter washes for 
the spraying of trees. Phenol, hexalin (c//cZohexanol), cresylic acid and methyl- 
hexalin, though good contact poisons, are impracticable when used ^^naked^^ 
both from the points of view of expense and of harmful effects on vegetation 
(even when trees are in the so-called ‘^dormant period” in winter'). Two 
methods of dilution are, however, possible in the special case of these sub¬ 
stances, both methods, because of the presence of soap, yielding washes which 
will wet easily and spread over the plant surfaces, the skins of insects and 
eggs, and mosses and lichens on the trunks and branches'*. The first is to 
make solutions in soap solutions^; the second is to emulsify them. 

Emulsions for spraying plants are prepared in two ways'’: the toxic oil may 
be incorporated with the emulsifier to fonn a clear solution known in practice 
as a ^^iniscible oil”, which should readily give perfect emulsions on stirring 
into water; or a concentrated *‘stock” or ‘ffree” emulsion may be stored and 
diluted down to the required concentration just previous to spraying. 

The hydroxyl compounds mentioned need not be made into “miscible 
oils” as they are soluble in soap solutions, though they arc, assisted by soaps, 
valuable aids in the formation of solutions and “miscible oils” of such toxic 
hydrocarbons as petroleum fractions^', and of such compounds as tetra- and 
deca-hydronaphthalene^ The formation of stock emulsions of these phenols 

^ The first emulsion, judged by the abnormal creaming, must have been a mixture of W 
in O and O in W; partial mixing in the drop test is apt to eacape notice or be neglected if one 
get 43 globules denoting non-mixing, t.e., the experimenter tends to judge types by the drop 
test by non-mixing rather than by mixing. It is only fair to record that in some of these 
examples of inversion on keeping and re-shaking, the removal of emulsion for drop test/S 
might have altered the phase-volume ratio to such an extent as to cause inversion. In 
others, however, no drop tests were done, the type of emulsion being judged entirely by eye, 

* Woodman: J. Phys. Chem., 30 , 658 (1926). 

Hexalin and methyl-hexalin, in virtue of their lack of phenolic properties, might be 
used in dilute solution or emulsion form as contact insecticides when foUage is on the trees, 
to replace the more expensive nicotine. 

^Woodman: J. Pomol. Hort. Sci., 4 , 38 (1924); J. Soc. Leather Trades’ Chemists, 8, 

517 (1924)- 

‘ Woodman: J. Agric. Sci., 17 , 44 (1927). 

• Woodman: J. Agric. Sci., 17 , 44 (1927). 

^ Unpublished data. 
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and hydrogenated phenols, capable of dilution, will be a matter of some 
difficulty in view of their solubility in soap solutions; thus to obtain sprasdng 
emulsions containing i-io% of these hydroxyl compoxmds, the ratio of emulsi- 
fiable phase to emulsifier (soap), must be comparatively high to avoid solu¬ 
tions'. In these circumstances the farmer might as well prepare his own 
emulsions in the dilute form at the actual place of spraying. 

The method of experiment was as follows: the emulsifier solutions (from 
the stock potassium oleate mentioned previously, a stock solution being diluted 
down as required), were kept at room temperature; as occasion demanded, 
a given niunber of c.c. were pipetted into a 50 c.c. cylinder, and a given number 
of c.c. of the hydroxyl compound then added in such a manner as not to dis¬ 
turb the aqueous medium (if the soap solution were the less dense, the process 
was reversed). The cylinder was placed in a thermostat at 2S®C. for 30 min., 
stoppered, rapidly withdrawn, given a vigorous and complete shake (up and 
down motion of the hand), and then replaced rapidly in the thermostat; the 
cylinder was withdrawn and shaken every 30 sec. until complete emulsification 
occurred. Parallel experiments were performed in every case, the method of 
preparation (at 25°C.), being to give partial gentle rotation or very gentle 
shaking firsts, followed by vigorous and continuous shaking. The emulsions 
were aU examined by the drop test, though it was found possible, after some 
experience, to tell the type by appearance and by the character of the film on 
the cylinder’s side. 

The results are given in Table I: they show that, in the case of O in W 
emulsions, if the phase volume ratio be kept constant, increase in the concen¬ 
tration of emulsifier causes easier emulsification; if the phase volume ratio 
be altered, preponderance of one phase tends to make that phase, as pre¬ 
viously-mentioned work has demonstrated for other systems, the continuous 
one, especially when the amount of emulsifier present is low; and, that, in 
some cases, where inversion occurs with phase-volume ratio change, a critical 
phase-volume ratio is obtained where both types of emulsions are possible 
according to variation in the method of shaking, as discussed in a previous 
paper', this also occurring mostly when the initial concentration of the emulsi¬ 
fier is small. 

A spraying emulsion must nece^rily be of the 0 in W type: otherwise 
the object of making the emulsion—^to dilute the “naked” and, in large 
masses, phytocidal oU, with a commonly-occurring, inexpensive and non- 
phytocidal medium such as water—is defeated. In view of the fact that both 
types of emulsions are given, it will be unsatisfactory to use the systems ex¬ 
perimented on here in actual practice; this is because the grower tends to 
make concentrated emulsions initially; diluting these down to the required 
concentrations. The wrong type might thus be prepared, with trouble con¬ 
sequent on the inversion to tire desired type when diluting to the spraying 

' It is worthy of note in this regard that emulsions are often found, in actual spraying, 
to be much more toxic to insects and insect eggs, than solutions; cf., Lees: J. Pomol. Hort. 
Sci., 4 , 104 (1925), for an example of this in the case of cresylic acid. 

• Woodman: J. Phys. Chon:, 30 , 658 (1926). 
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strength with water or soap solution. The results show, however, that by 
first making the emulsion so that the phase volume ratio of aqueous to oil 
media is at least (2 — 4): (i), the desirable type of emulsion is obtained. 

It happens that the stable type of emulsion in the cases discussed is that 
needed for spra3ring. This is not so with cresylic acid (or pure cresols), and 
aqueous gelatine^; here the wrong type (W in 0 ) is stable, and hence, as the 
O in W type usually cracks to give free acid quickly, emulsions in these systems 
will be extremely dangerous to trees. 

Seifriz^ is inclined to attribute this peculiarity of dual emulsion formation 
to the wide boiling range and consequent heterogeneity of composition of 
the oily phase, but this notion is not borne out by the author^s results with 
pure cresols and the present single compounds; Seifriz, however, shows that 
the existing theories of the mechanism of emulsion type, and also Robertson’s 
explanation for a particular case of phase-volume ratio alteration®, are not 
feasible. 

The author has previously tried wetting a finely-divided inert emulsifier— 
cork dust—with either liquid phase—water and toluene—before emulsifi¬ 
cation, and obtained the same O in W type in both cases; this was put down 
to the preferential wetting of cork by waters Other experiments were now 
carried out to see if previous wetting of the containing vessels by one of the 
phases has any effect on the type subsequently formed. 

The most favourable conditions for this to occur were chosen, the system 
investigated being known to yield dual emulsions by different mechanical 
treatment at the phase-volume ratio used^ Four 50 c.c. cylinders were dry- 
cleaned; into two were pipetted 10 c.c. lots of 40 hr. old 0.4% gelatine, and, 
into the other two, 10 cc. lots of cresylic acid; the contents of the cylinders 
were now swished round so that the insides of the vessels were wetted as far 
as possible, perfect, continuously-draining films being left on the sides. To 
the cylinders containing aqueous gelatine, 10 c.c. lots of cresylic acid were 
carefully added; to those containing cresylic acid, the same amount of the 
aqueous gelatine. One of each pair of similarly-treated cylinders was sub¬ 
jected to continuous vigorous shaking, and one to gentle partial rotation 
previous to vigorous shaking^ 

If this wetting theory were correct, each pair should, irrespective of 
mechanical treatment, tend to give the opposite type, the pair of cylinders 
first wetted by aqueous gelatine giving 0 in W types, and those first wetted 
by cresylic acid giving W in 0 types. The pairs, however, followed the rule 
given for this system before^ mechanical treatment being found to deter¬ 
mine the type formed, and not previous wetting of the cylinder by one of 
the phases; thus continuous vigorous shaking gave the W in O type, and 
previous gentle rotation the opposite type. Moreover, the 0 in W emulsion 
formed in the cylinder previously wetted by cresylic add was much mora. stable 

* Woodman: J. Phys. Chem., 30 , 658 (1926). 

® Seifriz: loc. cit, 

* Robertson: loc. cit. 
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and lasting than that from the cylinder treated oppositelyj which, even though 
regarded as an' accidental occurrence, is, nevertheless, contrary to what one 
would expect. 

The emulsions so prepared were of the usual kind described previously^; 
thus the 0 in W types were unstable, breaking completely in 6-24 hrs., both 
re-shaking to the O in W type. The W in O ty{>e were stable and lasting, 
creaming upwards and fully in the normal manner in about two days, and 
inverting^ to the more unstable O in W type on re-shakings 

One hypothesis which has been advanced to some extent previously, and 
which might explain the mechanism of the formation of emulsions, can be 
founded on the partition of the emulsifying agent between the two liquid 
phases^ Such an hypothesis would account for the fact that the liquid phase 
which tends to dissolve, or, in the limit, wet the emulsifier more easily, be¬ 
comes the external phase of the emulsion, for then the partition coefficient 
will be in its favour. 

The partition coefficient must be largely in favour of the continuous 
medium where one type of (unulsion only is possible in the system. Whilst 
it may still be largely in favour of the more usual external phase in the case 
of a system where both types of emulsions arc possible by alteration of the 
phase volume ratio (and may show this by one of the types being more 
stable), it cannot be so greatly in favour of this phase as is the case with a 
system yielding one type only in all circumstances. Alteration of the phase- 
volume ratio, where tw’o types are possible, say by increasing the volume of 
one phase, the other volume being kept constant, might tend to make that 
phase the external one, for then a significantly greater amount of emulsifier— 
but not a greater concentration —would occur in this phase if the partition 
were anything approaching a finite quantity. 

A partition theory of formation of types would also account for the ap¬ 
parently inexplicable case quoted by Seifriz'*, for the partition coefficient 
will be different for systems differing in the oil constituent, even though the 
emulsifier remains the same. 

It is noteworthy that in many systems where dual emulsions are possible 
by alteration of the phase-volume ratio, the emulsifiers are appreciabl}^ 
soluble to give some kind of solution—true or colloidal—in both phases; thus 
soaps are soluble in water, and have been proved soluble to a great extent in 
various mineral oils^ whilst gelatine is soluble in cresylic acid and the cresols 

^ Woodman: J. Phys. Chem., 30, 658 (1926). 

* One O in W emulsion got by re-shaking an old, creamed W in O emulsion seemed 
perfectly stable; it creamed normally downwards, the supernatant layer being clear aqueous 
gelatine; no trace of cracking was perceived for 5 days* when a little acid was noted under¬ 
neath the cream; by the 6th. day there were 8 c.c. of cresylic acid. 

* Seifriz: loc. cit., p. 839. Experience of emulsions teaches that there is a kind of specifi¬ 
city of oils in emulsification, as there is for emulsifiers, i.e.y that two oils with water and the 
same emulsifier might give opposite types, just as two eniulsifiers with water and an oil 
can give opposite types; this, then, is the primary explanation of Seifriz’s case, though the 
argument as regards the existence of different partition coefficients still holds good. 

< Pickering: J. Chem. Soc., Ill, 86 (1917)* 
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as well as in waters But, as has been stated, great solubility of emulsifier 
in both of the phases is not probably necessary for the formation of dual 
emulsions; in the limit, wetting of the emulsifier by one phase and solubility 
to some kind of solution in the other might dispose to dual t3ipes on alteration 
of the phase volume ratio, especially when it is remembered that in some 
simple one-type systems, wetting of solid particles by one liquid is all that is 
necessary for emulsification (e.g., use of finely-divided solids as emulsifiers®), 
and that liquid is invariably the external phase. 

An explanation of the formation of the two types when the constituents 
of the system are present in the same proportion, simply by altering the 
mechanical treatment given during preparation, or by subsequent re-shaking 
of one type, is much more difficult. It cannot be assiuned that there are two 
partition coefficients under the same conditions of age, etc., for the same 
emulsifier, for the probability is that only one partition coefficient exists for a 
substance between two liquid media; but it may be assumed that mechanical 
conditions interfere with the establishment of this definite partition coefficient, 
causing a temporary and unstable partition coefficient, or even allowing the 
definite partition coefficient to obtain only for a portion of the emulsifier. 
Thus adsorption due to a certain method of shaking has been assumed to 
have some such effect in preventing establishment of a final and definite 
partition coefficient in the system gelatine—water—cresylic acid, and to 
account for the instability of the 0 in W type*; in this case also, ageing of the 
system has had to be taken as a cause of prevention of the establishment of 
this definite partition coefficient, for old emulsions of both types give the 
unstable 0 in W type on reshaking in any manner. 

Attempts at determining a partition coefficient in this system are now 
being made by the author and a colleague. 

HorticuUural Research Station, 

Cambridge, England, 

June 1 , 19 ^ 8 . 

^ Stocks: Ass. Colloid Rpts.,” 1, 74 (1917); Woodman: J. Phys. Chem., 30 , 658 

(1926); Cooper; Biochem. J., 6, 362(1912). 

* Pickering: J. Chem. Soc., 91 , 2001 (1907). 

• Woodman: J. Phys. Chem., 30 , 658 (1926). 



DISTRIBUTION OF AMMONIA BETWEEN WATER AND 
CHLOROFORM AT 25°* 

BY HAROLD G. DIETRICH 

This work was undertaken with a view to determining, by a distribution 
method, the effect of dissolved zinc hydroxide upon the activity of ammonia 
in water. It was planned as an extension of an investigation of the solubility 
of crystalline zinc hydroxide in solutions of ammonium hydroxide,^ in order 
to secure further information as to the nature of the zinc-ammonia complexes; 
the existence of at least two, Zn(NH3)2'*"”'’ and Zn(NH3)4‘^'^, has been deduced 
by de Wijs* from measurements of the partial pressure of ammonia in equilib¬ 
rium with zinc-ammonia salt solutions. W^hen, however, a study at 25° 
of the system, ammonia-water-chloroform, was extended to include zinc 
hydroxide, the length of time required to establish equilibrium between all 
phases was so great as to result in the formation, by hydrolysis of the chloro¬ 
form, of acidic products; and no successful means of inhibiting this hydrolysis 
was found. Under such circumstances the solubility of zinc hydroxide in the 
aqueous layer in contact with chloroform is clearly of no significance, and 
consequently work along these lines was discontinued. As a necessary pre¬ 
liminary to this work, the distribution of ammonia between water and chloro¬ 
form, in terms of concentrations by weight, had been detennined; in this 
simpler system no difficulty caused by hydrolysis was encountered, the 
period required for the attainment of equilibrium being much shorter. It 
seemed worth while to present the results, particularly as the values hitherto 
available are in terms of concentration by volume, which is, for many pur¬ 
poses, less advantageous than weight-concentration as used here; moreover, 
chloroform is apparently still the only favorable non-aqueous competitor with 
water for ammonia. 

Experimental 

Ammonium hydroxide solutions were prepared by dilution of a strong 
solution made by distilling commercial C. P. ammonium hydroxide into a 
Pyrex flask containing laboratory-distilled water. Since there was some 
doubt as to whether all stock samples of chloroform would give the same re¬ 
sults, owing to the presence of traces of stabilizers® not removable by dis¬ 
tillation only, three stock samples (Mallinckrodt's C. P. Quality, Merck’s 
U.S.P. X, and Baker’s C. P.) were each redistilled. 

A sample of distilled chloroform, about 350 cc., was washed a half-dozen 
times with ammonium hydroxide of the lowest desired concentration, then 

* Contribution from the Department of Chemistry, Yale University. 

^ Dietrich and Johnston: J. Am. Chem. Soc., 49 ,1419 (1927). 

• de Wijs: Rec. Trav. chim., 44 ,663 (1925). 

•Ethyl alcohol, a small amount of which is usually added to minimize decomposition, 
would be largely removed during the preliminary washing of the sample of chloroform with 
funmonium hydroxide. Underwood (Proc. Nat. Acad. Sci., 11, 78 (1925)) has, however, 
indicated a number of additional substances which may serve as stabilizers; and Newcomb 
(Analyst, 51 , 10 (1926)), has pointed out the presence of ethyl chloride in, and the difl&culty 
of its removal nrom, anaesthetic chloroform. 
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placed with approximately loo cc. of the solution in a bottle of 500 cc. ca¬ 
pacity, and rotated at five to six revolutions per minute in a water thermostat 
at 25° (±0.02) for four hours, preliminary experiments having indicated that 
equilibrium is established in less than this time.^ After determination of its 
ammonia content, this chloroform was washed a half-dozen times with the 
ammonium hydroxide of the next higher concentration to remove hydrolysis 
products, and the procedure repeated. 

Although Abbott and Bray report that the emulsion of water in the 
chloroform may be broken merely by rotation over a period of from one to 
three hours, the chloroform layer was still cloudy at the end of four hours; 
consequently a filtration method was used. A tube of 7 mm. bore and 24 cm. 
long, the lower 10 cm. of which was filled with cotton loosely packed, was 
passed rapidly through the water layer into the chloroform layer; then the 
chloroform was forced through the cotton filter by air pressure into a pipette 
the lower end of which was fitted with a stopcock to control delivery of the 
liquid. The first 50 cc. was rejected, this amount being necessary to saturate 
the cotton filter. Samples weighing approximately 80 g. were then with¬ 
drawn, delivered into weighed flasks containing about 20 g. water, and the 
exact weight of each sample obtained by difference. The ammonia content 
was determined by titration against hydrochloric acid, the strength of which 
was somewhat less than o.oiM, all titrations being made by weight, with 
sodium alizarin sulfonate as indicator. The same procedure, but without 
filtration, was used for the water phase, with the titration carefully carried 
to the same endpoint color as that reached in the titration of the chloroform 
phase. 

As the distribution of ammonia is between water and aqueous chloroform, 
and as the solubility of water in chloroform is influenced by the presence of 
ammonia, the value of the distribution coefficient tends to decrease with in¬ 
creasing concentration of ammonia in the water phase; this change, however, 
is pronounced only in the range of high concentrations of ammonia in the 
aqueous layer, and for the low concentrations employed in this investigation, 
in general less than o.iAf, comes within the experimental error involved in 
carrying out the analyses. Furthermore, de Wijs^ has shown that Henry's 
Law is not applicable to aqueous ammoniacal solutions much above 0.2M. 

In Table I, the experimental data have been assembled and the distribution 
coefficient for each solution of ammonium hydroxide calculated. In the first 
and third columns the total ammonia content, as determined by analysis, 
of the water and chloroform phases respectively, has been expressed as the 
number of mols present per iboo g. solvent, each value being the mean of at 
least two concordant determinations. However, in the system, ammonia- 
water-chloroform, two equilibria must be taken into consideration: 

l) NH8(water)-<——NH 3(ohloroform) 

_ 2) NHa + H205=fcNH4^ + OH- 

^That this eauilibrium is established almost instantaneously has been reported by 
Hantzsch and Sebaldt: Z. physik. Chem., 30 , 258, (1899); and oy Abbott and Bray: J. 
Am. Chem. Soc., 31 , 729 (1909), 

* de Wijs: Rec. Trav. chim., 44 ,655 (1925). 



DISTRIBUTION OF AMMONIA 


97 


Before the equilibrium constant (distribution coefficient) for the first of the 
above equilibria can be calculated, a correction must be applied to the total 
ammonia content of the water phase for that ammonia which is present other- 

Table I 


Distribution of ammonia between water and chloroform at 25°C 


Total NHs in 

Actual NHa in 

Total NH* in 

Distribution 

H2O phase 

H2O phase 

CHCl, phase 

Coefficient in 
terms of molahty 

Mols per kilo 
m'w 

Mols per kilo 

Mols per kilo 

ratio 

mw 

Mallinckrodt^s C. 

me 

P. Quality 

mw/mo 

0.02183 

0.02120 

0.0005936 

35*71 

0.03203 

0.03127 

0.0008735 

35 -So 

0.04610’*' 

0.04519 

0.001263 

35-77 

0.04983 

0.04888 

0.001361 

35-92 

0.05871 

0.05768 

0.001611 

35-81 

0.lOIl 

0.0997s 0.002772 

Merck’s U.S.P. X 

35-99 

35.83 (Mean) 

0.02001 

0.01941 

0.0005405 

35-91 

0.04453 

0,04363 

0.001216 

35-88 

0.05680 

O.OS 579 

0.001556 

35-86 

0.06951’*' 

0.06839 

0.001919 

35-63 

0.1294 ’*' 

0.1279 0 . 003 S 73 

Baker’s C. P. 

35-80 

35.82 (Mean) 

0.02624 

0.02555 

0.0007165 

35-66 

0.04724 

0.04632 

0.001302 

35-57 

0,05497 

0.05398 

0.001525 

35-40 

0.07166 

0.07053 

0.001988 

35-48 

0.07276 

0.07162 

0.002022 

35-42 

0.131S 

0.1300 

0.003671 

35-41 

35.49 (Mean) 


* Data on these concentrations were obtained after the experiments performed with 
Baker’s C. P. CHCbi for the purpose of assuring that the procedure employed in the 
analyses had remain^ the same, and that the discrepancy between the results obtained 
with this sample and those obtained with the first two was due to a fundamental cause. 

wise than as NHs. By means of the equilibrium constant at 25® for the second 
^equilibrium,^ this correction has been calculated, and in the second column of 
the table the number of mols NH3 per 1000 g. water is given. The fourth col¬ 
umn, the distribution coefficient, is then the ratio of the concentrations ex¬ 
pressed in the two preceding columns. 

Discussion 

Examination of the values of the distribution coefficient shows no par¬ 
ticular trend for a given sample of chloroform. Upon comparison of the mean 

^The value, 18.12 X lo*^, calculated from conductivity measurements by Burke: J. 
Am. Chem. Soc., 42 , 2500 (1^0) is in accord with 18. i X io~* derived in the same manner 
by Noyes: Carnegie Inst. I^b., 63 ,228 (1907). 
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values, however, a discrepancy greater than that accounted for by experi¬ 
mental error manifests itself when chloroform of Baker's stock is used; 
this may be accounted for in part by the presence in the chloroform of traces 
of impurities which increase slightly the solubility of ammonia. Such a 
factor may also account for the differences existing between the coefficients 
determined, on a volumetric basis, by different investigators, and for the dis¬ 
crepancies in individual investigations. For the purpose of comparison a 
correction has been applied in the same manner as presented in this paper 
to the data of each investigator,^ and the distribution coefficient recalculated; 
and from the distribution ratio, 35.8 d= o.i, expressed in terms of weight-con¬ 
centration as a result of the experimental work presented above, a value for 
the ratio in terms of volume-concentration has been computed, upon the 
somewhat erroneous assumptions that the specific gravities of chloroform 
solutions and of water solutions of ammonia at 25® are the same as those of 
aqueous chloroform^ and of pure water. The mean value for each investi¬ 
gation at 25®®, with the average deviation, is given in Table II, which shows 


Table II 

Comparison of Distribution Coefficients, in terms of concentration by 

volume, at 25® 

Observer Number of 

Determinations 

5 
3 


Distribution 

Coefficient 


Average 

Deviation 


Hantzsch and Sebaldt^ 
Dawson and McCrae^ 
Dietrich (calculated) 


24-3 

24.7 

24.1 


±0.9 
d=0.2 
±0.07 


that the computed value, despite the assumptions made in its calculation, 
is of the same order of magnitude as that determined directly in terms of 
volume concentration. Summary 

The value, 35.8 =b o.i, has been determined for the distribution coefficient, 
expressed as the ratio of the number of mols ammonia per 1000 g. water to 
that per 1000 g. of the chloroform phase in the system, ammonia-water- 
chloroform, at 2 5°. The dependence of this ratio upon the character of the 
stock sample of chloroform has been demonstrated; a probable explanation 
of this and of the divergent results of former investigators lies in the presence 
of traces of foreign substances used to inhibit hydrolysis of the chloroform. 
For this reason the discovery of a suitable non-hydrolyzing, non-aqueous 
solvent for ammonia would be extremely advantageous for distribution ex¬ 
periments. 


1 By an extrapolation method Bell and Feild (J. Am. Chem. Soc., 33 , 940 (1911)) have 
derived an approximate value of 24 at *25^. Such an extrapolation, however, is of little 
significance, inasmuch as it is made over a range from iN too concentration, for which no 
experiment^ data are presented, and over which the correction for ammonia other than 
as NHa increases rapidly as the concentration of ammonia in the water layer decreases. 

* The value, 1.4785, nas been calculated for the density of aqueous chloroform at 25® 

by the method suggested by Newcomb. ^ 

* A table of limiting values of the distribution ratio (for which the concentration unit 
is volumetric) for very dilute solutions as found at different temperatures by various in¬ 
vestigators is given by Bell and Feild. 

* Hantzsch and Sebaldt: Z. physik. Chem., 30 , 258 (1899). 

* Dawson and McCrae: J. Chem. Soc., 77 ,1239 (1900). 



THE INFLUENCE OF ADSORBED FILMS ON RATES 
OF EVAPORATION 

BY RONALD PERCY BELL 

Introduction 

In a previous paper^ it has been shown that it is possible to investigate the 
adsorption of solute at the interface of a solution by a study of kinetic phenom¬ 
ena taking place at the interface. In this case the phenomenon studied 
was the velocity of a reaction taking place at the interface, and the present 
work is an attempt to evolve a method of more general application for the 
investigation of adsorption from solution, by studying rates of evaporation. 

As was pointed out in the previous paper,^ the most striking general con¬ 
clusion arrived at by applying the Gibbs adsorption equation to the surface 
tension curves of solutions of non-electrolytes is that above a certain limiting 
concentration, the excess surface concentration becomes constant, presumably 
corresponding to the formation of a ^^saturated^^ nionomolecular film such as 
is known to exist in insoluble films on liquid surfaces and films of gases on 
solid adsorbents. It would therefore afford valuable support of the Gibbs 
equation if the existence of stable soluble films over a range of concentrations 
could be confinned independently, and the work described in this and the 
preceding paper is directed especially towards this point. 

It has been shown by RideaP and Langmuir^ that the rate of evaporation 
from a liquid surface is influenced by the presence of an insoluble mono- 
molecular film. The use of such methods for soluble presupposes a certain 
degree of stability in such films, which seems justified by the fact that both 
static and dynamic methods of measuring the surface tension of solutions 
leads to the same results. The work of Lenard^ shows that adsorption at a 
newly formed surface is complete in io“® — seconds, so that any small 
disturbances of the film will be very quickly repaired. It is probable that at 
high concentrations of solute a film is formed more than one molecule thick, 
which will have no further effect upon the surface tension although it may in¬ 
fluence the kinetic relationships. It is probable, however, that the forces 
holding the first layer of molecules together are considerably greater than 
those for subsequent layers, and that this greater stability of the monomole- 
cular film will give it a prodominant influence upon kinetic processes. 

The process of evaporation takes place in two stages, the escape of mole¬ 
cules from the liquid phase to the gas phase, and the removal of vapour from 

^ Bell: J. Phys, Chem., 32 , 882 (1928). 

* Bell: loc. cit., p. 889. 

*Eideal: J. Phys. Chem., 29 , 1585 (1925)- 

^Langmuir: J. Phys. Chem., 31 , 1719 (1927). 

^ Lenard: Sitzungber. Akad. Heidelberg, 5 A 28 Abhand. 28, p. 16 (1914); also, *^Ueber 
die zeitliche Aenderung reiner Flttssigkeitsobern^hen.” Diss. Heidelberg (1913). 
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the surface of the liquid. As has been pointed out by RideaU and Adam,* 
only the first of these stages will be influenced by the native of the interface, 
so that in order to detect this influence experimentally, the rate of removal 
of vapour from the surface must be an appreciable fraction of the “ideal” 
rate of evaporation. The “ideal” rate is the rate of evaporation in vacuo, 
or the rate of interchange between the two phases when the liquid is in 
equilibrium with its vapour, and according to the kinetic theory is given by 
the Herz-Knudsen equation, 

R = P. 0.0583 VmTT (i) 

where 

R = ideal rate in grams per sq. cm. per second. 

P = vapour pressure in millimetres of mercury. 

M = molecular weight. 

T = absolute temperature. 

This accounts for the fact that Hedestrand* found no reduction in the 
rate of evaporation of water which was covered with an insoluble monomole- 
cular layer of oleic or palmitic acid, since (as was pointed out by Rideal and 
by Adam) the maximum rate he measured was 5.05 X lo"* grams per sq. 
cm. per second, while the ideal rate for water at 2o®C. is 0.253 grams per sq. 
cm. per second. Hedestrand thus only obtained 0.0023% of the ideal rate, 
and the fact that he obtained a concordance of i % between the values obtained 
with and without a film present only shows that the rate of escape was not 
di m i n i sh ed to less than 1/500th of its normal value by the presence of the 
film. 

Rideal studied the influence of films of lauric, stearic, and oleic acids 
upon the rate of evaporation of water, and by removing the vapour by con¬ 
densation, he obtained rates of about 0.4% of the ideal rate. Under these 
conditions he found that the films of acid caused reductions of about 20-50% 
in the rate of evaporation. These positive results, together with the negative 
results of Hedestrand, show that insoluble surface films exert a large retarding 
effect upon the rate of escape of water molecules into the gas phase, but that 
this retarding effect is only apparent in the rate of evaporation when the 
latter is an appreciable fraction of the ideal rate. It has been suggested, 
however, that in dealing with the evaporation of a component from solution 
(as opposed to that of a pure solvent) other factors may lead to a reduction 
in the evaporation rate in the presence of surface films. Langmuir^ has 
studied the rate of evaporation of aqueous ether solutions in presence of 
different insoluble films, using relatively slow air currents. Although the 
rates of evaporation of ether obtained were only about io“* times the ideal 
rate, it was found that each of these films caused a reduction of the order of 
8o-go%. (As would be expected from Hedestrand’s results, the rate of eva- 

‘ Rideal: J. Phys. Chem., 29 , 1585 (1925). 

’Adam: J. Phys. Chem., 29 , 610 (1925). 

* Hedestrand: J. Phys. Chem., 28,1245 (1924). 

^Irving Langmuir and D. B. Langmuir: J. Phys. Chem., 31 ,1719 (1927). 
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poration of the water was not affected.) Langmuir therefore supposes that 
the films cause retardation not directly by influencing the rate of escape, but 
by preventing convection currents in the neighbourhood of the surface. This 
may be expressed by saying that in the case of evaporation of a solute, the 
resistance caused by the presence of a surface film is due not only to the film 
itself, but also to a layer of solvent molecules adjoining it. 

The present work uses the evaporation of chlorine from dilute solutions 
in carbon tetrachloride, thus avoiding complications due to association or 
ionisation. The vapour is removed from the surface by a current of air, and 
the rate of evaporation of the chlorine determined by passing the air current 
into an absorption apparatus containing potassium iodide solution, and 
titrating the iodine liberated. 

Before studying the effect of adsorbed films in a quantitative manner, it 
is necessary to consider the kinetics of evaporation in a current of gas. Very 
little theoretical or practical work has been done on this subject, and a rigid 
application of the laws of gaseous diffusion to the problem leads to differential 
equations which appear to be insoluble. However, by making several am¬ 
plifying assumptions, Jablczynski and Przemski^ have obtained a semi- 
empirical equation which is in good agreement with their experimental re¬ 
sults. 

They deduce the equation 

V V logio " = K (2) 

Jo J 

Of a different nature is the work of C. Bohr^ on the invasion and evasion 
coefficients of solutions of gases. He defines the evasion coefficient 7 as the 
amount of gas which would escape in unit time from unit surface of a perfectly 
stirred solution of unit concentration into a space containing none of the gas 
in question,—i.e., the ideal rate of evaporation for a solution of unit concen¬ 
tration. Bohr measures the evasion coefficients for aqueous and alcoholic 
solutions of carbon dioxide by passing a current of air over the surface of the 
stirred liquid. It is obvious, however, that the rates which he measures are 
not true evasion rates. For example, using a saturated solution of carbon 
dioxide in water at o°C., he finds for y the value 0.077 ccs. per minute per 
sq. cm. for a solution containing i cc. carbon dioxide in i cc. solution. This 
equals 2.5 X 10“*® grams per second per sq. cm., while the value calculated for 
the ideal rate by the Herz-Knudsen equation (equation (i)) is 10.4 grams per 
second per sq. cm. Thus under the conditions of Bohr^s experiments, evapora¬ 
tion takes place at only about 10“^ times the true rate of evasion, and must 
therefore be considered essentially as a diffusion phenomenon. 

Bohr has also defined the invasion coefficient (jS) as the amount of gas at 
760 mm. pressure which would dissolve in unit time in unit area of perfectly 
stirred liquid containing none of the gas in question, and measures these 
invasion coefficients by passing carbon dioxide over stirred water. Here 

^ Jablczynski and Przemski: J. Chim. phys., 10, 241 (1912). 

•C. Bo^: Ann. Physik, (3), 68 500 (1899); (4) 1, 244 (1900). 
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again it is obvious from the values obtained that the case is essentialiy one 
of diffusion within the liquid, and not of true invasion. If /3 and y are re¬ 
spectively the true invasion and evasion coefficients, and a is the coefficient 
of absorption, then for equilibrium, 

7 = ajS 

Bohr finds an approximate agreement with this relation using experimentally 
determined values of jS and 7, from which he concludes that they correspond 
to the quantities he defines, and that there is no undisturbed layer at the 
gas-liquid interface. However, all the experiments were conducted under 
constant conditions of stirring, air current, containing vessels, etc., and it is 
certain from the results of other workers that had he varied these factors, 
different evasion and invasion coefficients would have been obtained. The 
approximate agreement between 7 and ajS can only be attributed to a chance 
relation between the velocities of diffusion of carbon dioxide in air and water 
under the unvarying conditions of the experiments. 

Practical Part 

Materials. 

Chlorine was prepared by the action of concentrated hydrochloric upon 
pure potassium permanganate, and was washed with water and dried with 
concentrated sulphuric acid and phosphorus pentoxide. It was found that 
a tenth-molar solution of chlorine in ordinary pure carbon tetrachloride 
speedily became cloudy and deposited globules upon the glass. This did not 
occur if the carbon tetrachloride was previously dried over phosphorus pen¬ 
toxide and distilled, but a solution approximately M/50 prepared in this way 
was found to undergo a continuous diminution of apparent chlorine concen¬ 
tration on keeping, to the extent of about 1% per day. This instability of 
solutions of chlorine in carbon tetrachloride has previously been noticed by 
Plotnikow^ who attributed it to reversible photochemical reactions. Griiss* 
has shown however, that Plotnikow's results were due to traces of an unknown 
impurity in his carbon tetrachloride, and that by a rigorous purification 
stable solutiona could be obtained. Since the method of purification employed 
by Griiss is very laborious, experiments were carried out with a sample of 
carbon tetrachloride purified specially for medicinal purposes supplied by 
Messrs. Albright and Wilson. This was dried over phosphorus pentoxide, 
distilled, and used to prepare chlorine solutions as before. At intervals 10 
CCS. of solution was pipetted out and run into an excess of potassium iodide 
solution, the iodine liberated being titrated with N/ioo sodium thiosulphate 
solution. It was found that there was no steady decrease in chlorine concen¬ 
tration. 

The method finally adopted for preparing pure carbon tetrachloride was 
as follows. The ^^medicinaF' grade was dried for twenty-four hours over 
phosphorus pentoxide, and was then poured off and fractionated. Only the 

^ Plotnikow: Z. wiss. Phot., 19 , 22 (1919). 

* Grtiss: Z. Elektrochemie, 29 , 146 (1923). 
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middle fraction (about 90% of the whole) boiling over a range of not more 
than o.os®C. was retained. 

The apparatus used to prepare the chlorine solutions is shown in Fig. i. 
The ground-in top of the flask A and the ground joints B and D were lubri¬ 
cated with syrupy phosphoric acid, while the top of the vessel G and the joint 
H were not lubricated at all, H being held together by an external coating of 
cement. The concentrated solution thus obtained was at once transferred 



to a large glass-stoppered flask and diluted to the required extent. When it 
was required to transfer from the large flask, it was forced over by dry air 
under pressure, thus minimising any loss of chlorine. 

Apparatus, 

The apparatus used for determining the rates of evaporation is shown 
diagrammatically in Fig. 2. The air current used was produced by the rotary 
blower A, and, the volume of air passing through the apparatus was measured 
by the meter C. In order to indicate the pressure of the air leaving the meter, 
a manometer containing carbon tetrachloride was attached to the capillary 
tube F. The oil-trap E contained glass wool, and during the first few experi¬ 
ments was immersed in a freezing mixture to remove oil spray vapour derived 
from the blower. However, nothing was found to condense except a little 
water, so that in subsequent experiments the freezing mixture was omitted, 
although the oil-trap still formed a part of the circuit. The air was dried 
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by passing through the calcium chloride tube G, about 1.5 metres long. The 
spiral H immersed in the thermostat was of thin-walled glass tubing about 
3 metres long and i cm in diameter. It was fused on to the presaturator J, 
in which the air current passed over the surface of pure carbon tetrachloride. 
The air current was thus brought to the temperature of the thermostat and 
approximately saturated with carbon tetrachloride vapour, so as to avoid 
appreciable loss of carbon tetrachloride or cooling effect in the evaporation 
bulb. Preliminary tests showed that both the temperature attainment and 
saturation were practically complete. 



c/ 

Fia. 2 


The tube K was connected to the evaporation bulb L by a short piece of 
rubber tubing just above the thermostat level. (The air current only passed 
through rubber joints 6e/ore it entered the evaporation bulb.) The bulb was 
designed to give a high degree of hydrodynamic stability, and had a mark 
etched around the neck. It was always clamped in a fixed position, so that 
the liquid surface was exactly reproducible. It was found that the surface 
remained steady with air currents up to 15 litres per minute, provided that 
the velocity was constant. If, however, any fluctuations took place in the 
speed of the motor, the surface was immediately disturbed, and no significance 
could be attached to the results obtained. Many experiments had to be re¬ 
jected for this reason. To indicate the pressure of the air in the evaporation 
bulb, a manometer was attached to the capillary tube O. The tube between 
the evaporation bulb and the ground joint M was heated electrically. 
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The tap was lubricated with phosphoric acid, with a narrow layer of 
vaseline at the top and bottom to prevent dehquescence. The other taps 
were lubricated with ordinary tap-grease, as they did not come into contact 
with chlorine. The spiral, presaturator, and evaporation bulb were in an 
electrically controlled water-thermostat at 25.00 ± o.oi°C. 

Preliminary Experiments, 

The motor blower was tested for constancy of running and it was found 
that after a small gradual decrease in the first 3-5 minutes, the velocity re¬ 
mained constant with fluctuations of less than 1%. 

The type of apparatus used for absorbing the chlorine from the air current 
is shown in P'ig. 3. The ground joint A, lubricated with phosphoric acid. 



fits on to M in Fig. 2. The bulb B was packed loosely with glass wool to 
prevent splashing, and the flask C served to check the completeness of ab¬ 
sorption. The absorbent used was a solution of potassium iodide containing 
50 grams per litre, and the back pressure was about 2-5 millimetres of mercury 
with slight fluctuations. The efficiency of absorption was tested under con¬ 
ditions similar to those in actual experiments, and was found to be practically 
100%. There was never enough iodine liberated in the small flask to give 
any colouration with starch solution, which also points to 100% absorption. 

First Series of Experiments, 

These experiments were all carried out with the same solution of chlorine, 
using different velocities of air current. The solution was brought to the 
temperature of the thermostat in a small glass-stoppered flask, while the 
motor was allowed to attain constant running, by blowing air through the 
first by-pass D (Fig. 2). The solution was forced over into the evaporation 
bulb by dry air under pressure, and the air current was passed for about one 
minute through the bulb and out via the second by-pass N in order to eva¬ 
porate the chlorine from any solution adhering to the walls of the bulb. The 
thermostat heating current and the thermostat stirrer were both switched 
off for a few minutes, so as to avoid electrical disturbances of the blower and 
mechanical disturbance of the liquid surface. Absorption was then carried 
out by closing the tap Vj’ for 1-3 minutes, the exact time being taken by a 
stop-watch* During the absorption the two manometers were read to the 
nearest 0.5 millimetres. The absorption apparatus was removed and its 
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contents washed out into a titration flask: it was then refilled again with 
potassium iodide solution and fitted again to the rest of the apparatus. The 
run was then immediately repeated, proceeding exactly as before, and the 
two lots of iodine titrated. 

Calculation shows that the amount of chlorine evaporated during a pair 
of runs was always less than i% of the total chlorine in the bulb, so that it 
was legitimate to consider the concentration of chlorine in the solution as 
constant throughout each pair of runs. Every time the flask in the thermostat 
was refilled, lo ccs. of the solution was titrated, and the chlorine concentration 
for the first series of experiments was taken to be the mean of the values thus 
obtained, which shows an extreme variation of i% and no downward trend. 

The barometer was read and the temperature of the meter taken directly 
after each run. The pressure of the air leaving the meter (Pa) and the pressure 
in the evaporation bulb (Pb) were calculated, and the volume of air which 
passed through the meter, corrected to 25 C. and pressure Pb. 

The following is a typical example of the figures obtained for one deter¬ 
mination (first half only). 

Run No. X 

Meter Manometer Time Barometer Temp. 

96743 A 18.0 — 3.0 = 15.0 mm. I min. 41.7 secs. 763.3 mm. 13.6 C. 

96748 B 22.0 — ii.o = ii.omm. = 1.70 mins. 

Titrations 

Bubbler ist 0.00 ccs. 

2nd 27 .10 CCS. 

27 .10 CCS. 

Flask None 

Pa = 763-3 + hs-o X 1.63/13.6} = 763.3 •+• 1.8 = 765.1 mm. 

Pb = 763-3 + {ii-o X 1.63/13.6} = 763.3 -I- 1.3 = 764.6 mm. 

Velocity of air current (v) = {15/1.70} X {298.0/286.6} X {765.1/764.6} 

= 9.18 litres per minute. 

Mass of chlorine absorbed = 27.10 X 0.0002371 = 0.006428 grams. 

Rate of evaporation (R') = 0.006428/101.7 = 0.00006322 grams per second. 

When the values obtained for R' were plotted against the corresponding 
values for V, it was found that the points become more and more erratic 
as V becomes greater, probably owing to disturbance of the surface at these 
high velocities. In the fimal results, therefore, only points corresponding to 
a velocity of air current less than II litres per minute were retained. 

“Ceteris paribus,” it is obvious that the rate of evaporation will depend 
upon the pressure of the gas passing over the surface, since this will affect 
the diffusion coefiScient of the chlorine. Therefore, in order to make the 
above results strictly comparable, it is necessary to apply a small correction 
for the variations in Pb, the pressure over tiie surface. Since the theoretical 
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equation connecting the rate of evaporation with the diffusion coefficient is 
not known, the true form of the correction is not known, but since the total 
correction is small, it has been assumed that the rate of evaporation is in¬ 
versely proportional to the pressure. (Jablczynski and Przemski^ state that 
R a P*, but since their experimental results give values varying from 0.289 
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Fig. 4 


Table I 


Concentration of chlorine = 0.8658 grams per litre 


V 

Pb 

R' X 10* 

R X 10 

7.90 

764.2 

5.097 

5.125 

8.16 

748.7 

5.488 

5.406 

8.17 

748.7 

5.428 

5.347 

8.24 

762.9 

5.376 

5.398 

8.49 

764.1 

5.608 

5.640 

8.8s 

762.8 

6.042 

6.065 

9.07 

764.7 

6.082 

6.119 

9*13 

7 S 4.2 

6.028 

6 .o 6 i 

9.18 

764.6 

6.322 

6.359 

9 ‘ 6 s 

764.2 

6.617 

6.655 

9.66 

768.2 

6.438 

6.507 

9.81 

765.4 

6.612 

6.659 

10.09 

768.3 

6.744 

6.823 

10.ss 

765.3 

7.036 

7.087 

11.02 

767.0 

6.993 

7 058 


^ J. Chim. phys., 10, 241 (1912) 
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to 1.014 for the index, the matter seems very doubtful). Table I summmises 
the results, where 

R = R' X Pb/76o 

V = velocity of air current in litres per minute. 

R' = observed rate of evaporation in grains per second. 

The corrected values are plotted in F^. 4 (curve il) and give points which 
lie far better on a curve than do the uncorrected values. 

Second Series of Experiments 

These experiments were carried out in exactly the same manner as the 
first series, but with a chlorine concentration of 0.5801 grams per litre. The 
results obtained are summarised in Table II, and the corrected values of R 
are plotted against V in Fig. 4 (curve B). 


Table II 


V 

Pb 

R' X io» 

R X 10* 

7.88 

758-7 

3-337 

3332 

8.03 

760.4 

3-446 

3-448 

8.29 

758.3 

3-723 

3-71S 

8.58 

757-1 

3-870 

3-856 

8.65 

747-4 

3-991 

3-924 

8.79 

747-9 

3-940 

3-877 

8.88 

757-6 

4.103 

4.090 

9.21 

758.4 

4.170 

4.161 

9-35 

749.5 

4.472 

4.411 

9.71 

750.2 

4.597 

4-538 

9.88 

750.2 

4.410 

4.353 

10.31 

759.2 

4.689 

4.684 

10-73 

759.1 

4-558 

4-553 

10.98 

758.8 

4.857 

4.840 

In order to determine whether any simple relation exists between the 

rate of evaporation and the chlorine concentration in the solution, the values 

of R for round values of V were read off from the two curves in Fig. 
tabulated in Table III. 

Table III 

4 and are 

V 

R'X io» 

R» X 10* 

R«/R“ 

8.00 

5-19 

3-45 

1-50 

8.50 

5.68 

3-80 

1-49 

9.00 

6. II 

4.10 

1.49 

9.50 

6.48 

4-34 

1-49 

10.00 

6.76 

4-52 

1.50 

10.50 

6.96 

4-65 ^ 

1.50 

II .00 

7.08 

4.71 

i-So 


Mean si.496 

Ratio of concentrations » 0.8658/0.5801 s 1.492 
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It is thus established that for values of V between 8.0 and ii.o litres per 
minute, and solutions of chlorine having concentrations between 0.5801 and 
0.8658 grams per litre, 

RocC 

where C = concentration of chlorine in solution. 

Experiments with trichloracetic acid solutions. 

The solute used for the study of adsorption was trichloracetic acid, which 
has a strongly polar carboxyl group and does not react with chlorine. It 
was found by analysis to be at least 99.98% pure. 



In order to investigate the effect of trichloracetic acid on the evaporation 
rate under different conditions, the following scheme was adopted. A solu¬ 
tion was made up by weight from a stock solution of trichloracetic acid (con¬ 
centration known exactly), a stock solution of chlorine (concentration known 
approximately), and carbon tetrachloride. After determining the chlorine 
concentration of this solution by titrating a to cc. sample, the rate of evap¬ 
oration was determined by carrying out a double run as described before. 
The solution was then poured back into the flask, thereby losing a little 
chlorine, and the chlorine concentration again determined. The rate of 
evaporation was then again determined, and this procedure was repeated 
until the concentration of chlorine fell below the lower limit of the range 
previously investigated. 

Thus for each solution, a series of results was obtained corresponding to 
the same concentration of trichloracetic acid, but different velocities of air 
current and concentrations of chlorine. In each case the rate of evaporation 
corresponding to the same values of V and C (in absence of the acid) was 
calculated from curve A in Fig. 4 and the relation 
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This calculated rate was called R©, and the fractional decrease in rate caused 
by the presence of the acid is given by 

X =s (Ro — R)/Ro 

where R = rate observed in presence of acid. 

At first solutions containing about lo grams of trichloracetic acid per 
loo grams were used, but it was found impossible to obtain reproducible 
results. More dilute solutions were then used, and a series of preliminary 
experiments showed that the fractional reduction 'x' was dependent upon 
the velocity of the air current (as would be expected), but not upon the 
chlorine concentration. It was also found that for any one solution, on plot¬ 
ting the fractional reduction (x) against the velocity of air current (V), ap¬ 
proximately a straight line was obtained in each case. A tjrpical graph ob¬ 
tained in this way is shown in Fig. 5. After each of the tables of results which 
follow is given the linear equation obtained by applying the method of least 
squares to the experimental results for x and V. The values of x cor¬ 
responding to V = 8.5 and V = 9.0 as calculated from this equation are also 
given in each case. 


Results 

In the following tables— 

C = chlorine concentration in grams per litre. 

V = velocity of air current in litres per minute. 

R' = observed rate of evaporation in grams per second. 

Pb == pressure over the liquid surface in millimetres of mercury. 

R = rate of evaporation corrected to 760 mm., in grams per second. 
Ro = calculated rate of evaporation in grams per second. 

X == fractional decrease in rate, i.e. (R© — R)/Ro. 

Table IV 
Solution H 

Concentration of acid = 0.5253 grams per 100 grams 


c 

V 

R' X 10® 

Pb 

R X 10* 

Ro X 10* 

X 

0.8598 

8.15 

5.286 

758.6 

5.277 

5-302 

0.005 

0.8598 

9.02 

5-577 

758.3 

5-565 

6.078 

0.085 

0-7554 

9.04 

4.978 

759.7 

4.976 

5-357 

0.072 

0.5829 

8.73 

3-808 

758.8 

3 784 

3.968 

0.042 

0.5829 

8.02 

3.617 

758.9 

3.612 

3.510 

—0.028 

0.4994 

9.72 

3-263 

7590 

3.259 

3.813 

0.146 

0.4994 

8.76 

3.191 

759.5 

3.188 

3-409 

0.065 

Equation of straight line is x 

= 0.0983 V 

— 0.806 




When V ==8.50 x 0.029 
When V = 9.00 x = 0.079 
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Table V 
Solution J 

Concentration of acid = 0.8594 grams per 100 grams 


c 

V 

R' X 10* 

Pb 

R X io‘ 

RoX io‘ 

X 

0.8702 

o^ 

00 

5 580 

761.7 

5.593 

6.081 

0.080 

0.8702 

8.61 

5 526 

761.4 

5.537 

5.809 

0.047 

0.7739 

8.21 

4.691 

7591 

4.686 

4.755 

0 

6 

0.6037 

8.44 

3 695 

756.4 

3.677 

3.932 

0.06s 

0.6037 

9-97 

3.910 

756.5 

3.892 

4.246 

0.106 

0.5145 

7.91 

3144 

756.5 

3.129 

3 031 

—0.032 


Equation of straight line is x = o. 115 V — 0.934 
When V = 8.50 x = 0.045 
When V = 9.00 x = 0.104 


Table VI 
Solution N 

Concentration of acid = i. 165 grams per 100 grams 


c 

V 

H/ X 10* 

Pa 

R X 10® 

R„ X 10 ^ 

X 

0-7543 

8.63 

4.576 

761.4 

4.584 

5.054 

0.093 

0.7543 

8.92 

4.598 

761 . 5 

4.608 

5.272 

0.126 

0.6829 

8 .II 

4.062 

760.3 

4.06s 

4.181 

0.036 

0.6829 

00 

C/l 

0 

4.119 

760.4 

4.122 

4.480 

0.080 

0.5500 

8.39 

3312 

759.8 

3 - 3 II 

3 • 545 

0.066 


Equation of straight line isx = 0.116V — 0.907 
When V = 8.50 x = 0.079 

When V = 9.00 x = 0.137 


Table VII 
Solution F 

Concentration of acid = i 375 grams per 100 grams 


C 

V 

R' X io‘ 

Pb 

R X 10* 

0 

X 

X 

0.6616 

8.66 

3.894 

760.0 

3 894 

4-455 

0.126 

0.6616 

8.12 

3.923 

760.0 

3 923 

4.142 

0053 

0.5619 

8.33 

3.302 

759-6 

3 299 

3-583 

0.079 

0.5619 

9. II 

3-394 

759.5 

3-391 

4-005 

0.154 

0.4820 

7-94 

2.732 

758.2 

2.726 

2.856 

0.047 


Equation of straight line is x = o. 102 V — 0.857 
When V «= 8.50 x = o. 099 
WhenV » 9.00 x = 0.150 
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Table VIII 
Solution K 

Concentration of acid = 1.800 grams per 100 grams 


c 

V 

R' X 10* 

Pb 

R X 10* 

R. X 10* 

X 

0.5364 

OO 

3-301 

752.0 

3.266 

3-767 

0.133 

0.5364 

8.II 

3.114 

752.1 

3.082 

3-315 

0.070 

0.4751 

8.37 

00 

762.0 

2.791 

3-052 

0.085 

0.4751 

8.87 

2.840 

761.7 

2.847 

3-294 

0.136 

0.4634 

8.49 

2.851 

748.7 

2.808 

3-153 

O.IOI 


Equation of straight line is x == o . 083 V — o . 604 
When V = 8.50 x = 0.100 
When V = 9.00 x = 0.141 
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Fig. 6 

Table IX 
Solution M 


c 

Concentration of acid 
V R' X io» 

= 2.257 grams per loo grams 

Pb R X io* Ro X io* 

x 

0.8226 

8.72 

5.098 

765-4 

5-028 

S -577 

0.098 

0.8226 

8.65 

4.790 

765.5 

4.826 

S-524 

0.126 

0.73II 

8.47 

4-177 

765-6 

4.207 

4.799 

0. 120 

0.73II 

8.3s 

3-322 

765-7 

4.348 

4.696 

0.074 

0.6419 

7-94 

3.629 

764.0 

3-648 

3-804 

0.041 

0.6419 

9.12 

3-843 

764.1 

3.864 

4.597 

0 .IS 9 


Equation of straight line is x = o. 108 V — 0.822 
When V = 8. so x == o. 096 
When V =*9.oo^x»so.i5o 
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Table X 
Solution L 

Concentration of acid 3.302 grams per 100 grams 


c 

V 

R X 10* 

P 

R X 10® 

R Xio* 

X 

0.7879 

8.67 

4-792 

763.0 

4.80s 

5-307 

0.09s 

0.7879 

8.47 

4.718 

763.0 

4-732 

5-151 

0.081 

0.6987 

8.48 

4.241 

761.9 

4-252 

4.566 

0.069 

0-5435 

0 

0 

00 

3-234 

763.8 

3-251 

3-258 

0.002 

0-5435 

8.25 

3 283 

763.6 

3.298 

3-445 

0.043 

Equation of straight line is x 

= 0.130 V 

- 0.919 




When V = 8.50 x = 0.095 

When V = 9.00 x = 0.148 

The values of x corresponding to V = 8.50 and V = 9.00 are plotted 
against the concentration of trichloracetic acid in Fig. 6. 

Discussion of Results 

The only equation previously obtained to express the variation of rate 
of evaporation with velocity of air current is that of Jablczynski and Przem- 
ski (Equation 2, Introduction). In terms of the present notation this becomes 



where Co = concentration of chlorine in saturated vapour, in grams per htre. 
K = a constant. 

This equation has been applied to the results of the first scries of experiments. 
From the present data it is impossible to obtain an accurate value for Co, 
but an approximate value has been obtained by extrapolating to V = zero 
the C — V curve calculated from the results, giving Co = 7 X 10“^ (approx.). 
This value was used in calculating the constants given in Table XI. 

Table XI 


V 

R X 10* 

X 

V 

R X 10® 

X 

0 

0 

00 

5-19 

1.63 

10.00 

6.76 

1.76 

8.50 

5-68 

1.71 

10.50 

6.96 

1.72 

9.00 

6 . II 

1.76 

II .00 

oc 

0 

1.63 

950 

6.48 

1.78 


Mean 

= I.71 


Thus an approximate constant is obtained althotigh there is a distinct up 
and down trend in its value. (A similar degree of constancy is obtained by 
using values of C of 6.80 X or 7.20 X 10“*^). It was not expected to 
obtain exact confirmation of this equation since it only applies strictly to the 
evaporation of a pure liquid, and takes no account of diffusion of a solute 
towards the surface. For a constant value of V, equation 4 leads to the 
relation 


R«a 
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If we assume that the partial vapour pressure of chlorine is proportional to 
its concentration in solution, (a reasonable assumption since the solutions 
are dilute), this relation corresponds to that which was found to hold ac¬ 
curately in comparing the results of the two first series of experiments, namely, 

RocC 

where C = concentration of chlorine in solution. 

Taking the partial vapour pressure of chlorine as corresponding to a con¬ 
centration of 7 X 10“^ grams per litre, the Herz-Knudsen equation (Equation 
I Introduction) gives 2.0 X lo”® grams per sq. cm. per second as the ideal rate 
of evaporation of the chlorine. The actual rates measured in the first series 
of experiments were about 2.0 X io~® grams per sq. cm. per second, so that 
the rates of evaporation measured represent about 1% of the ideal rate. The 
fact that reductions up to 15% were caused by the addition of trichloracetic 
acid shows that the rate of evasion must have been changed very consider¬ 
ably, either directly or indirectly. 

The methods used for measuring the amount of the retarding effect caused 
by different concentrations of acid are purely comparative, so that the theory 
of the kinetics of evaporation is immaterial for this point. In calculating the 
values of the fractional reduction ^x’ given in the tables, the only assumption 
is that 

RocC 

which relation has been shown to have both theoretical and experimental 
support. 

The curves in Fig. 6 therefore represent the relation between the con¬ 
centration of trichloracetic acid and the retarding influence of the film formed, 
under strictly comparable conditions. The points do not lie very well on the 
curves, but since an error of 1% in the determination of the value of R or C 
will cause an average error of 10% in the value of obtained, the results are 
as accurate as could be expected. The form of the curves for V = 8.50 and 
V = 9.00 is essentially the same in both cases, and the most important point 
is that for concentrations above about 1.4 grams per 100 grams the curve 
becomes parallel to the concentration axis: i.e., over this range the retarding 
power of the film is independent of the concentration of the acid. If we can 
take the retarding power as a measure of the surface density of the film, it 
seems very probable that this range corresponds to the existence of a stable 
monomolecular surface film of trichloracetic acid. This result is in agreement 
with the general evidence obtained from surface tension curves, and the 
results of previous work upon heterogeneous reaction velocity.^ 

It was mentioned in the practical part that preliminary experiments with 
solutions of trichloracetic acid containing about 10 grams per 100 grams failed 
to give reproducible results. The reason for this is not certain, but it is 
suggested that at these high concentrations a second, less stable, layer of 
molecules begins to form, which is partly destroyed by the slight agitation 
caused by the air current, thus giving erratic results. 


^ Bell: loc. cit. 
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Besides any action caused by modification of surface conditions, the 
presence of trichloracetic acid will also have some effect upon the activity 
of the chlorine in solution, and hence upon its partial vapour pressure and 
its rate of evaporation. The order of magnitude of the effects observed is 
however much greater than would be expected from this cause, and the fact 
that a constant fractional reduction was observed over a range of concen¬ 
trations makes it probable that this factor can be neglected. In two ex¬ 
periments (see results for solutions H and J), using abnormally small veloci¬ 
ties of air current, a small but probably real negative value of x was obtained. 
It seems probable therefore that the addition of the acid causes a slight in¬ 
crease in the partial vapour pressure of the chlorine, and that with low 
velocities of air current the reduction in evaporation rate caused by the 
surface film is so small as to be masked by this secondary effect. Cases are 
known^ in which the addition of a third component to a two-component 
system causes an increase in the activity of one of the components, and this 
is probably an example. In any case, the main conclusions with regard to 
the extent of adsorption are not affected. 

If, as Langmuir^ supposes, the primary factor in the reduction of rate of 
evaporation of solute by a surface film is a reduction in the rate of diffusion 
of the solute towards the surface, we should expect the reduction to be ap¬ 
parent at quite low rates of evaporation. In the present work it is found that 
the reduction becomes zero when the rate of evaporation is still nearly i% 
of the ideal rate. This seems to show that at least in the present instance the 
reduction is primarily caused by the resistance of the film itself, as it must 
have been in RideaPs experiments on the evaporation of water. 

Measurements of Surface Tension 

In order to discover whether the conclusions arrived at above concerning 
the adsorption of trichloracetic acid from carbon tetrachloride solution were 
in accordance with the findings of the Gibbs adsorption equation, a series of 
surface tension measurements was carried out by the drop-weight method. 
The apparatus used was a modification of that described by Harkins.* In 
order to eliminate losses due to evaporation, each drop-weight was calculated 
by difference from two determinations in which the time taken was the same, 
but the number of drops different. In this way the drop-weight could be 
reproduced to within 0.5%. In Table XII, each value of the drop-weight 
represents the mean of five results, which showed an extreme divergence 
of lees than 0.5% in each case. 

Harkins^ has shown that under the correct conditions, the surface tension 
is directly proportional to the drop-weight, so that the w — logioc curve 
plotted in Fig. 7 has the same form as the <r — In c curve. The Gibbs equa¬ 
tion for adsorption is 

^ Lewis and Randall: ‘Thermodynamics,^* p. 239 (1921). 

* Irving Langmuir and D. B. Langmuir: loc. cit. 

* Harkins and Brown: J. Am. Chem. Soc., 38 , 246 (1916). 

^ Harkins and Humphrey: J. Am. Chem. Soc., 38 , 228 (1916). 
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Table XII 


w = drop-weight in grams. 


c = concentration of acid in grams per loo 

grams. 



c 

logioC 

w 

c 

logioC 

w 

0.277 

“ 0.558 

0.02974 

2.04 

0.310 

0.02934 

0.458 

-0.331 

0.02965 

3-26 

0.513 

0.02912 

1.00 

0.000 

0.02957 

5.15 

0.712 

0.02900 

1.26 

0.100 

0.02946 

6.61 

0.820 

0.02891 



RT dlnC 


where F = excess concentration at the surface in gram-moles per sq. cm. 
<T surface tension 
c = concentration of solute. 

It is seen from Fig. 7 that the w — logioc curve is a straight line for higher 
concentrations, while the slope falls off for low values of c. This means that 
for increasing values of c, d<r/dlnc and therefore F increases to a limiting 
value at which it remains constant, this limiting value presumably cor¬ 
responding to the formation of a monomolecular layer. Owing to the small 
changes of surface tension involved, it is imp)ossible to determine exactly 
where the curve becomes a straight line, but it is certainly between c = i.o 
and c = 1.6 grams por 100 grams, thus agreeing with the value found in the 
experiments on rates of evaporation, c = 1.4, as the minimum concentration 
necessary for the formation of a complete monomolecular layer. 
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Summary 

(1) . The possibility of employing measurements of velocity of evapora¬ 
tion for studying adsorption from solution has been discussed, and previous 
work on the subject reviewed. 

(2) . A method has been evolved for measuring the rate of evaporation 
of chlorine from its solution in carbon tetrachloride. Measurements have 
been carried out at 25C under different conditions of chlorine concentration 
and velocity of air current, and the results compared with previous equations 
for the kinetics of evaporation in a current of gas. 

(3) . The reduction in the evaporation rate caused by dissolving tri¬ 
chloracetic in the carbon tetrachloride has been measured under different 
conditions, and attributed to the surface adsorption of the trichloracetic acid. 

(4) . It has been deduced from these measurements that a saturated sur¬ 
face film of trichloracetic acid is formed at all concentrations greater than 
about 1.4 grams per 100 grams. 

(s). Measurements of the surface tension of solutions of trichloracetic 
acid in carbon tetrachloride have been carried out by the drop-weight method. 
By applying the Gibbs adsorption equation to these results, it was found 
that the lower limit of concentration for the formation of a saturated film is 
between i.o and 1.6 grams per 100 grams, thus agreeing with the value pre¬ 
viously found. 

(6). It is suggested that the measurement of rates of evaporation may 
prove of general utility in the investigation of adsorption from solution. 

In conclusion, the author wishes to express his best thanks to Sir Harold 
Hartley for his advice, encouragement and assistance throughout the work. 

Physical Chemistry Laboratories, 

BaUiol and Trinity Colleges, 

Oxford. 

August 9,1928. 



THE BEHAVIOR OF NITROCELLULOSE GELS IN POLARIZED 

LIGHT 


BY A. J. PHILLIPS 

Introduction 

From the time of ChardonneU up to the present, numerous investigators 
have reported on the colors observed when nitrocclluloses of vaiying nitrogen 
content were examined, microscopically, in polarized light with crossed nicols. 
Each sought to establish a relation between the color observed and the nitro¬ 
gen content of the nitrocellulose but no two observers agreed as to the color 
which represented any particular percentage of nitrogen.. 

A very extended investigation of this kind has been made by Tissot.* 
He observed that highly nitrated nitrocelluloses had a pale blue color in polar¬ 
ized light and as the nitrogen content decreased, the colors changed in the 
order—dark blue, indigo, violet, red, orange and yellow. Therefore from the 
color, the nitrogen content might be predicted. This exact conclusion was 
modified by the statement that the color did not depend solely on chemical 
constitution but was linked with the refractive index of the liquid in which 
the fibres were immersed, physical modifications in the structure of the fibre 
and the composition of the mixed acid bath used for nitration. The signifi¬ 
cant statements were made that it had not been found possible to link up the 
nature of the cellulose, the time of nitration or the temperature, with the 
color obtained and in addition that the method could not be applied to gela¬ 
tinized nitrocellulose; that is to films or to smokeless powder grains. 

There are a number of objections to the idea that the nitrogen content is the 
sole factor in determining what color will be seen in polarized light. Worden’ 
points out that cellulose triacetate shows a tight blue color in polarized tight. 
Since the acetate contains no nitrogen, the latter cannot be the only factor 
in determining what color will be seen. Again De Mosenthal’ has shown that 
cotton, wood cellulose, ramie and flax nitrated to the same nitrogen content, 
show entirely different colors in polarized tight. Further more the colors vary 
with different immersion liquids, with the same liquid at different dilutions, 
with the degree of magnification and with the source of tight. This is an indi¬ 
cation that the physical condition of the nitrated material must be considered 
as well as the chemical constitution, in determining what color will be ob¬ 
served. Finally, a range of colors from tight blue to brownish yellow has been 
observed frequently in thin sections of powder grains made from nitrocellu¬ 
lose containing 12.6% nitrogen. Unless it be assumed that this 12.6% nitro- 

* Chardonnet: Z. Angew. Chem., 20, 31 (1899). 

‘Tissot; M 4 m. des Poudres, 22, (i) 31-56 (1926). 

’Worden: “Technology of Cdlulose Esters,” 1, (3) p. 1760. 

’ De Mosenthal: J. 80c. Chem. Ind., 26 ,443-4 (1907). 
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gen material is a mixture of high and low nitrated material which undergoes 
segregation during mixing; then it becomes difficult to establish a connection 
between nitrogen content and polarized light color. 

Color and Degree of Dispersion 

A more satisfactory method of attack Ls a consideration of physical struc¬ 
ture in relation to color. It has been pointed out that the composition of the 
mixed acid has an effect upon the color seen. Tissot (loc. cit.) has shown that 
in two series of nitrations in one of which the sulfuric acid is kept constant 
with variation in the nitric acid and water, while in the other series the nitric 
acid is kept constant; nitrocelluloses of the same nitrogen content from the 
two series, will not show the same polarized light colors. 

Now Hake and BelP have shown that sulfuric acid tends to reduce the 
particle size of the cellulose aggregates while nitric acid forms insoluble ni¬ 
trates, the tendency being toward increase in particle size. The presence of 
water molecules tends to increase the complexity of the reaction, but as ex¬ 
pressed by Wheeler,^ nitration depolymerizes the cellulose complex, the action 
being masked by the entry of NO^ groups. 

If we assume as does Harrison^ that cellulose is a dried-out gel, then mixed 
acid high in nitric acid alters the gel structure to produce a nitrocellulose 
with large particles and mixed acid high in sulfuric acid produces a nitro¬ 
cellulose with small particles. 

The relation of the different colors of the panchromatic metals (gold, 
silver and platinum) in the colloidal state, to their degree of dispersion, has 
been worked out. It has been found that the most highly dispersed metals 
are yellow or orange. As the particles become larger the color passes thru 
orange to red, violet, blue and finally green.^ There is absorption of light 
by all the particles which is not uniform but which rises to a maximum in one 
portion of the spectrum. As the degree of dispersion decreases—as in high 
nitrated cellulose—the absorption maximum moves toward the red end of 
the spectrum and the light transmitted moves toward the blue end of the 
spectrum. 

Tho these conclusions apply to the metals there are certain analogies 
which indicate that they apply likewise to the non-metals, the dielectrics. 
Bancroft^ found that prolonged heating of Jena glass tubing produced colors 
varying from deep indigo thru pale blue to white. Keen and Porter,® Ritz^ 
and Auerbach® found that sulfur precipitated from sodium thiosulfate by 
phosphoric acid transmitted yellow, red, violet, blue and gray light as the 
particles increased in size. Finally Breguet® found, by precipitating acetone 

* Hake and Bell; J. Soc. Chem. Ind., 28 , 457 (1909). 

* Wheeler: “Fifth Report on Colloid Chemistry,^* p. 5708. 

® Harrison: “Second Report on Colloid Chemistry,“ p. 55. 

® Ostwald-Fisher: “Theoretical and Applied Colloid Chemistry,” 2nd Ed. p. 65. 

* Bancroft: J. Phys. Chem., 28 , 12-25 (1924). 

* Keen and Porter: Proc. Roy. Soc., 98 A, 370 (1914). 

’ Ritz: Compte Rendu, 143 , 167 (1906). 

® Auerbach: Kolloid-Z., 27 , 22 (1921). 

* Breguet: Rev. G611. Coll., 3 , 203-6 (1925), 
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solutions of nitrocellulose with increasing amounts of benzene, that each 
time a precipitate was formed a colored fluorescence accompanied the pre¬ 
cipitation. With the first precipitate there was a bluish fluorescence, with 
the second a violet or red and with the third a yellow fluorescence. Viscosity 
measurements on each precipitate showed decreasing viscosities with pre¬ 
sumably decreasing particle size. Thus a definite connection between particle 
size and color, is indicated. 

Experimental 

In support of the color-dispersion theory it was considered advantageous 
to show that there were exceptions in the color-nitrogen relation of nitrocel- 
luloses in polarized light. For this purpose a series of commercial nitrocellu¬ 
lose samples were mounted in either glycerin jelly, Canada balsam or alcohol, 
and examined in polarized light with crossed nicols. 

The glycerin jelly was made from 

Commercial gelatin 20 grams 

Distilled water 60 grams 

Glycerin 120 grams 

The jelly was melted in a watch-glass on a water-bath, the fibres immersed 
in the liquid, stirred to remove air bubbles, fished out, mounted on a warm 
slide and covered with a cover glass. 

For the alcohol mounts, dry nitrocellulose was placed on a slide and 
covered with a coverglass. All but a in. opening of the cover glass was 
sealed with a mixture of Canada balsam and paraffin wax. Thru the re¬ 
maining opening, 95% grain alcohol was introduced by means of a capillary 
pipette. 

For illumination two light sources were employed: one a substage lamp 
with a 15 watt Mazda bulb and ground-surface Coming-glass window, which 
was placed close to the plane mirror of the microscope. The other illuminant 
was a 6 volt, 108-watt tungsten filament bulb with a Coming daylight glass, 
which was located according to the following log. Both were equally satis¬ 
factory. 


Beam width at face of nitrogen-filled lamp 4 cm. 

Distance from glass face of lamp to glass of polarizing prism 31 cm. 
Water-cooling cell 4 cm. thick between lamp and polarizing prism. 
Substage dropped 4 mm. 

Nicol diaphragm opening 4 mm. 

Achromatic objective 16 mm. 


Eyepiece 


15 X 


A gypsum plate of such thickness as to give an interference color of ist 
order violet, was mounted above the objective, with its principal direction at 
45° to the vibration directions of the polarizing and analyzing prisms. A 
fibre placed in such a position as to be parallel to the slow ray, the C axis of 
the plate, is marked in the tables as parallel, while a fibre at right angles 
to the slow ray is marked vertical. 
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Colors of Nitrocellulose in Polarized Light 

The results secured by such examinations are recorded in Tables I-IV. 
Analysis of these tables shows differences which may be classified under 

Table I 


Examination of Nitrocellulose in Polarized Light 


High Nitrogen 


Glycerin Jelly 

Specimen 

Crossed Nicols 

Gypsum Plate 
with 

Crossed Nicols 
Parallel—brilliant pale 

1 

Brilliant grayish white 


with bluish tint, extin¬ 

yellow. 

Dupont 

guishing with a stronger 

Vertical—Light blue with 


bluish tint. Mottled 

pale greenish blue centers. 

13 - 45 % N. 

extinction. 

Very few dark blues. 

2 

Brilliant grayish white, 

Parallel—Canary yellow 

Hercules 

not uniform. 

Mottled extinction to a 

Vertical—Deep blue with 


deep blue. 

lighter blue centers. 

13 - 34 % N. 

3 

Hercules 13.25 N. same, 
deep blue extinction not 
so marked, 

Brilliant grayish white. 

Parallel—Dull yellow 

Picatinny 

Non-uniform, mottled ex¬ 
tinction to a dark blue. 

Vertical—Little darker 


Some pale yellow fibres 

blues with not so many 

13.10% N. 

extinguishing to a 

light blue centers. 

4 

mottled black 

Grayish white, dull colors. 

Parallel—Dull yellow. 

Picatinny 

Extinguishing to a mottled 


Unpulped, long 

dark color, no blues. 

Vertical—Dull blues with 

fibered 


no light blue centers. 

13.01% N. 

5 

Brilliant grayish white 

Parallel—Clear yellows 

Hercules 

with mottled extinction. 

Vertical—Deep blue with 

13.16% N. 


many pale blue centers. 

6 

Clear, grayish white. 

Parallel—Clear yellow 

Nitrated 

Uniform extinction. 


Straw Cellulose 


Vertical—Deep blue. 

13-05% N. 


very few pale blue centers 

7 

Bluish white with uniform 

Parallel—Dull yellow 

Picatinny 

extinction. 

Vertical—Majority pur¬ 

12.83% N. 


ple with a few deep blues. 
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Tablb II 

Examination of Nitrocellulose in Polarized Light 


Intermediate Nitrogen 

Glycerin Jelly 

Specimen 

Crossed Nicols 

Gypsum Plate 
with 

Crossed Nicols 

8 

Clear grayish white extin¬ 
guishing uniformly to a 

Parallel—YeUow 


bluish white. 

Vertical—Bluish purple. 

O’Bannon 


Some dark blues with 

12.63% N. 


light blue centers. 

9 

Bluish white, extinguish¬ 

Parallel—Canary yellow. 

Picatinny 

ing uniformly to a brown¬ 



ish black. 

Vertical—Purplish blue. 

12.62% N. 


Some dark blue with 
light blue centers. A few 
fibres rotating to light 
and dark green. 

10 

Bluish white, extinguish¬ 

Parallel—Yellow 

Dupont 

ing uniformly to black. 

Vertical—Purple with 

12.62% N. 


very few blues. 

II 

Dull bluish whites with 

Parallel—Very weak pale 

Hercules 

uniform extinction. Some 

yellow. 


dull browns and whitish 

Vertical—^Majority pur¬ 

12.59% N. 

grays with mottled blue- 

ple with a few deep blue 


ish extinction. 

centers. 

12 

Brilliant blues extin¬ 
guishing uniformly to 

Parallel—Clear yellow 

Hercules 

Special Grade 
12.4% N. 

deep browns and yellows. 

Vertical—Clear violet 

13 

Dull whitish blues with 

Parallel—Dull yellow 

Picatinny 

mottled extinction 



Blues and browns with 

Vertical—Violets with 

12.3% N. 

red inclusions. 

very few blues. 

14 

Some deep blues. Major¬ 

Parallel—Greenish yel¬ 

Hercules 

ity deep yellow brown 
brown with brownish 

lows, no clear yelloiira. 

6o~8o sec. 

red, violet and indigo 

Vertical—Dull purples, 

12.31% N. 

mottling. 

no blues. 
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Table II (Continued) 

Examination of Nitrocellulose in Polarized Light 


Intermediate Nitrogen Glycerin Jelly 


Specimen 

Crossed Nicols 

Gypsum Plate with 
Crossed Nicols 

15 

Browns, brownish reds, 

Parallel—blue bordered 

Celluloid Co. 

deep blues extinguishing 

fibres turn yellow. Yel¬ 


to black. Strongly marked 

low white centers turn 

12.32% N. 

black central canals. 

purple, pale blue and red. 


Many blue bordered fibres 

Some yellow fibres. 


with yellow white cen¬ 

Vertical—Blues to violet. 


ters. All colors may be 

black canals to gray 


mixed in the same fibre. 

black. Many violet fibres. 


Deep blues, deep yellows. 

Parallel—yellows, yellow 

Hercules R.S. 

dark browns, uniform 

violet and yellow fibres 

200-350 Secs. 

12.20% N. 

extinction. 

with a purple border. 
Vertical—yellow-browns. 

17 

Deep blues, purples with 

Practically all remained 

Hercules R.S. 

some red inclusions, few 

1st order violet with 

150-200 Secs. 

yellow whites. 

complete revolution of 

12.20% N. 


stage. 

18 

Mottled blues with few 

Parallel—Pale yellows 

Hercules R.S. 

deep yellows. Mottled 

and ist order violet. 

30-40 Secs. 

extinction to deep 

Vertical—Purple with a 

12.20% N. 

browns. 

few blues. 

19 

Brilliant dark blues 

Parallel—Y ello w 

Hercules R.S. 

with light blue 


5 Secs. 

centers. Uniform extinc¬ 

Vertical—Purple. No 

12.20% N. 

tion. 

blue centers. 

20 

Hercules R.S. 

Very deep blues, mottled 

Parallel—Yellow browns 

i Sec. 

with pale blues, yellows 

and ist order violet. 


and browns. No reds. 

Vertical—Purple and 

12.20% N. 


purple-violet. 

21 

Very deep blues and deep 

Parallel—Brownish 

Hercules 

yellows. Deep browns. 

yellow. 

Dynamite N.C. 

Dull colors. 

Vertical—Purple tinted 
by ist order violet of 
gypsum plate. Very 

12.18% N. 


dull colors. 

22 

Brownish yellows extin¬ 

Parallel—Yellow violet. 

Hercules R.S. 

guishing to mottled black 

ist order violet tints 

15-20 Secs. 

with violets and deep 

fibres. Not much change 


blues. 

on rotation of stage. 

12.10% N. 


Vertical—Few pale pur- 
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Table III 

Examination of Nitrocellulose in Polarized light 
Low Nitrogen Glycerin Jelly 

Specimen Crossed Nicols Gypsum Plate 

with 

Crossed Nicols 


23 


Picatinny 
11.96% N. 

L 

Hercules A.S. 
i Sec. 
ii.6s%N. 


Dull yellows, with no 
whites. Mottled extinc- 

Pale yellow mottled with 
black. Very few blues. 
Some whitish yellows. 


Parallel—^Purple with a 
few blues. 

Vertical—Yellow 
Parallel—Purple with 
many dark blue centers. 
Vertical—Yellow. 


25 

Hercules A.S. Yellowish white, few 

15-20 Secs. yellows. 

11.60% N. 


Parallel—Purple with 
few dark blue centers. 
Vertical—YeUow. 


Pale yellow with a few 
dark blues. 


Hercules A.S. 
30-40 Sec. 
11 . 55 % N. 


Parallel—Strongly 
marked in blue with 
many light blue centers. 
Very few purples. 
Brilliant colors. 

Vertical—^Yellow. 


27 

27 

Yellowish white with 
Picatinny black mottling. Very 

weak colors. Extin- 
11.23 % N. guishing to black. 


Parallel—Majority pur¬ 
ple. Many purples with 
light blue centers. 
Vertical—Yellow. 


color, brilliance of color and method of extinction. Table I, showing the 
highly nitrated materials indicates little difference in the colors, making it 
difficult to distinguish between the samples. A rather sharp distinction how¬ 
ever, may be made between grayish white and bluish white on a black back¬ 
ground. The extinction of the 13.05% N material (#6) distinguishes it from 
the others. 

The four pyro samples (#8, 9, 10 and ii) show differences where, accord¬ 
ing to the nitrogen content there should be similarities. The extinctions are 
also different where if the nitrogen content is the sole criterion, they should 
be similar. The gypsum plate shows green colors in the Picatinny sample 
(#9) while the O’Bannon (8) and Hercules (ii) show differences in the light 
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Table IV 


Examination of Nitrocellulose in Polarized Light 

Alcohol Mount 


Specimen 

Crossed Nicols 

G:^sum Plate with 
Crossed Nicols 

28 

Grayish white fibres with 

Parallel—Yellow 

Hercules R.S. 
200-350 Secs. 

a few deep blues. 

Vertical—Purple with a 

12.20% N. 


few blues. Weak colors. 

29 

Average is a dull bluish 

Parallel—Yellow 

Hercules R.S. 

white, a few grayish 


150-200 Secs. 

whites, a few browns. 

Vertical—Purple 

12.20% N. 



30 

Dull bluish whites, 
some browns. 

Parallel—^yellow 

Hercules R.S. 


Vertical—Purple, with a 

30-40 Sec. 


few blues. Fibres vary 
greatly in luminosity. 

12.20% N. 



31 

Grayish white with very 
little blue tint. Very 

Parallel—Yellow 

Hercules R.S. 

dull colors. 

Vertical—Very strong 

1 Sec. 


purple, no blues. 

12.20% N. 



32 

Dull yellows, dull browns. 

Parallel—Purple 

Hercules A.S. 
h Sec. 

no whitish yellows. 

Vertical—Yellow masked 
by ist order violet of 

11.65% N. 


Gypsum plate. 

33 

Majority yellow white. 

Parallel—Purple with 


few browns, very few 

some blueish inclusions. 

Hercules A.S. 

blues. Uniform extinc¬ 

V ertical—Y ello w 

15-20 Secs. 

tions. 


11.60% N. 



34 

Yellow and whitish yel¬ 

Parallel—Purple and 

Hercules A.S. 

lows. Mottled extinc¬ 

purples with some blue 

30-40 Secs. 

tion. 

centers. 

Vertical—Yellow with a 

11 - 55 % N.. 


few blues. Brilliant 
colors. 

35 

Pale yellowish white, few 

Parallel—Purples with 

Picatinny 

deep blues. Mottled ex¬ 

blue centers. Some deep 


tinction. 

yellows. 

Vertical—Deep yellow 

11,23% N. 


some violets. 
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and dark blue centers. The i2.3%N samples (#13, 14 and 15) show very 
marked differences with crossed nicols, with and without the gypsum plate. 
The Celluloid Co. sample (#15) is quite remarkable in its play of colors and 
attempts made to estimate its nitrogen content from the colors shown in 
polarized light, were failures. 

The 12.20% N samples (#16, 17,18, 19 and 20) showed most conclusively 
the exceptions sought for in the relation between nitrogen content and color. 
As it is known that these samples are pressure boiled, in order to reduce vis¬ 
cosity, it is plausible to link color with physical condition and degree of dis¬ 
persion of the nitrocellulose aggregates. Samples #16 and 17 show red in¬ 
clusions while #20 of the same nitrogen content, shows no reds. There are 
so many differences in these samples, that reference is best made to Table II. 

The low nitrated materials likewise show marked differences. The 11.23 N 
sample (#27) shows light blue centers which are characteristic of highly ni¬ 
trated materials. The 11.55% N sample (#26) with the gypsum plate shows 
light blues and a few purples, a characteristic of higher nitrated material 
while the 11.65% N material (#24)—a higher nitrated material, shows many 
purples with dark blues. 

It may be noticed that in comparing the colors obtained with the gypsum 
plate, there is a change at a nitrogen content of 11.96% (#23). With more 
highly nitrated materials the colors are yellow-parallel and purple-vertical. 
This order is reversed at and below 11.96% N, the colors becoming purple- 
parallel and yellow-vertical. The change at this nitrogen content is associ¬ 
ated with a change in sign of double refraction. Ambronn^ has pointed out 
that at a low nitrogen content, nitrocellulose has a positive double refraction. 
With rising nitrogen content, the character of the double refraction changes 
at 11.8% nitrogen with monochromatic light and at a higher value with 
white light. The higher nitrogen nitrocelluloses are all negatively doubly 
refracting. 

The change in color from yellow to purple, in changing from the position 
designated parallel to that of vertical is due to the orientation of the fibre 
with regard to the fast and slow rays of the gypsum plate. In one position 
an additive color is produced at the yellow end of the spectrum, while in the 
other position a subtractive color is produced at the blue end of the spectrum. 

The variation in colors of a sample of definite nitrogen content is an in¬ 
dication of non-uniform nitration. This is shown very readily in polarized 
lights with crossed nicols when the gypsum plate is employed. The plate is of 
particular value in disclosing non-uniform nitration in a single fibre; if the 
nitrogen content is taken as a criterion of color, or better in indicating various 
degrees of dispersion in one and the same fibre. In addition to variations in the 
rate at which the fibres nitrate, resulting in varied colors; there is of course 
the possibility of the presence of a blend of high and low nitrated materials 
which results in the presence of vari-colored fibres in the same sample. 


1 Ambronn: Kolloid-Z., 13 , 200 (1913). 
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Two photographs—Kgs. i and 2 show variations in degree of dispersion 
within the same fibre. The first is from a nitrocellulose containing 12.63% of 
nitrogen (#8). With the gypsum plate is shown a purple border with a bril¬ 
liant pale blue center. The greatest dispersion has taken place at the ex¬ 
terior of the fibre. It is only occasionally that this process is reversed with 
the greater dispersion within the fibre. 

Some very interesting results with regard to the nitration of the surface 
of a soluble nitrocellulose to produce an ether-alcohol insoluble material, 
have been presented by Craik.^ The very slightly dispersed material on the 
outside of the fibre, which is insoluble, protects the more highly dispersed 
material within, from the action of the solvent. However modern beating prac¬ 
tice is tending to produce material-- 

of the t3rpe shown in Fig. 3. The fibres 
are torn, shredded and split apart. 

They are photographed at the same 
magnification as those in Fig. 2 and 
show an enormously increased surface 
which permits more efficient action by 
the solvent. In this case a mechanical 
dispersion of fibres, which are appar¬ 
ently highly nitrated on the surface, will 
result in greater solubility, while no 
change in nitrogen content is neces¬ 
sarily indicated by the polarizing 
microscope. 

Fig. 4 is a photograph of a fibre of 
Hercules sec. nitrocellulose (#20). 

It has a deep blue color which is mottl¬ 
ed with pale blues, yellows and brown. 

The yellows and pale blues photo¬ 
graph white, while the deep blues and 
browns are indicated by darker shades. 

This mixture of colors is not neces- o’Bannon nitroceUiiose’fibres, i2.6j% N 
sarily to be taken as an evidence of non- showing highly nitrated areas within the 
uniform nitration. In the light of the 

current theory it may be due to non-uniform dispersion during a viscosity 
reduction process. Some parts of the fibre may have been tendered during 
nitration and beating so that viscosity reduction resulted in more pronounced 
attack on these weak portions. This would result in variable dispersion with 
variable colors. 

A color change as the result of heat, was found in the examination of fibres 
of pyro which had been exposed to the 135® heat test for 5 hours. It showed 
about equal amounts of dark blue and straw yellow fibres while normal pyro 
shows no yellow colors. The test was not conclusive since the sample showed 
red fumes and thereby indicated that nitrogen had been lost. 

^ Craik: *Tifth Colloid Symposium Monograph,” 272 (1928). 
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Fig. 3 

Splitting) shredding and tearing of 
nitrocellulose fibres during beating. 
150 X 


Fig. 5 

Long'fibred ^un cotton in polarized 
light with crossed nicols. 

75 X 



Fig. 4 

Fibre of Hercules R.S.-1/2 sec., 12.20% 
N in polarized light, showing deep blues, 
mottled with pale blues, yellows and 
browns, 

200 X 



Fig. 6 

Same material swollen in acetone vapor 
and dried. Showing increase in size. 

75 X 


Fig. 7 

• ^ 

Swollen material with crossed nicols in 
polarized light. Showing partial 1 
return of double refraction. 

75 X 
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A better but still inconclusive test was made by heating guncotton in the 
13 s® test and removing it before the test paper turned salmon pink. The 
sample tested was long-fibered guncotton containing 13.5% of nitrogen. It 
showed a salmon pink color for the test paper in 35 minutes. A companion 
sample was removed from the bath at the end of 20 minutes, before there had 
been any change in the test paper. It showed an increase in the amount of 
blue colored fibres and the appearance of purples and violets with the gypsum 
plate. 

A further test was made by exposing some of the guncotton on a slide, 
to the action of acetone vapors in a desiccator for 10 minutes at 30°. This 
length of time was sufficient to destroy the double refraction of the gun¬ 
cotton, so that between crossed nicols in polarized light it was almost indis¬ 
tinguishable from the background. It was then dried on a steam plate for 
eight hours to remove any volatile constituent and reexamined. Figures 5, 6 
and 7 are photographs of this material. 

The first photograph is of the untreated fibres showing their double re¬ 
fraction and size at 150 diameters. The second shows the fibres at the same 
magnification after the acetone vapor treatment and drying. The remark¬ 
able swelling which they have undergone illustrates the gelatinizing stage in 
the manufacture of smokeless powder. The third picture shows the dried, 
swollen fibres as they appear between crossed nicols. Some of the double 
refraction originally present, has returned. Either gelatinization was not 
complete or else strains set up in drying are responsible for the double re¬ 
fraction. Examination with a gypsum plate showed the presence of yellows, 
blues and violets in patches side by side, in between the light and dark-colored 
portions of the upper fibre. This indicated that sufficient acetone had con¬ 
densed from vapor to liquid, on the surface of the fibre, to effect some slight 
dispersion, which was manifested by the play of colors noted. 

Discussion of Results 

It seems very probable that with uniform nitration, the range in colors 
would follow a spectrum wheel, such as that shown in Fig. 8, with the low 
nitrogen in the yellows and the high nitrogen in the blues. Apparently what 
really happens is that the colors follow the degree of dispersion. So that if a 
mixed acid bath high in nitric acid is employed, little dispersion of the cellu¬ 
lose aggregates results. At the same time there is some decided action, for 
the iridescence of the unnitrated fibres disappears. The iridescent play of 
colors in the raw material is caused by the resonance of particles of varying 
size. It seems obvious therefore that any type of nitration causes some re¬ 
adjustment in particle size. If a highly nitrated product is produced, a uni¬ 
form gra3dsh white or blueish white color is observed. 

If however, a bath relatively high in sulfuric acid is employed to give a 
material of a relatively low nitrogen content, the dispersion of the cellulose 
aggregates is increased and the polarized-light colors, following the increased 
dispersion; appear on the red side of the spectrum. A result of the same kind 
is apparent if the nitrated material is treated with acids, alkalies, heat, super- 



A. J. PHILLIPS 


130 


heated water, or ultra-violet light. The colors noted are therefore a record 
of the treatment which the cellulose aggregates have imdergone whether 
within or outside of the nitrating bath. 

A consideration of aggregate size and viscosity or of particle size and 
polarized-light color is sufficient to indicate why Tissot (loc. cit.) was unable 
to link up the nature of the cellulose, the time of nitration or the temperature 
with the color observed with the polarizing microscope. It is also indicated 



I 


f 



Fig. 8 


that the relationship which Punter^ found to exist between the viscosity of 
the raw material and viscosity of the final product, will not hold if the ni¬ 
trated material is subjected to viscosity reduction treatments. In other 
words there may be a change in the polarized light colors without a cor¬ 
responding change in the nitrogen of the material. The conflicting elements 
in the situation are harmonized by a consideration of a statement by Kopac- 
zewski^ to the effect that according to the degree of dispersion of the substance 
imder consideration we are sometimes confronted by chemical laws and some¬ 
times by physical laws. In the case of nitrated cellulose the physical laws in¬ 


volving dispersion are more potent than the chemical laws relating to degree 


of nitration. 


Summaxy 


The colors shown by nitrocelluloses of varying nitrogen content, in polar¬ 
ized light, are a function of the dispersion of the nitrocellulose. 

The degree of dispersion and consequently the color observed is affected 
by the percentage of water in the nitrating bath, the ratio of nitric to sulfuric 
acid, the time and temperature of nitration, viscosity reduction treatments, 
ultraviolet light, heat and superheated water 

The degree of dispersion effected by nitration to a definite nitrogen content, 
is a more powerful factor than the chemical constitution in determining what 
color will be seen in polarized light with crossed nicols. 

Nitrocellulose is one of the dielectrics which transmit light ranging from 
red to blue, as the degree of dispersion decreases. 

Research Laboratories, 

Picatinny Arsenal, 

Dover, N. J. 


‘ PuEfter: J. Soo. Chem. Ind.. 33 .(1920). 

* KopaczOTraki: Alexander’s “Colloid Chemistry,” 1, 573. 



THE APPROXIMATE PREDICTION OF VAPOR PRESSURE 


BY JOHN CHIPMAN 

The derivation of the Clausius-Clapeyron equation for the vapor pressure 
of a liquid, 

d In P/dT = AH/RT2 (i) 

involves two assumptions: (i) that the vapor behaves as an ideal gas; (2) 
that the volume of the liquid is negligible in comparison with that of the vapor. 
By introducing a third assumption, that the heat of vaporization is constant, 
we obtain the rule that log P is a linear function of i /T. No one of these as¬ 
sumptions is ever strictly true; the deviations from all three are frequently 
very large, yet the linear relationship between log P and i/T has been 
well established for many substances, notably those of the less-polar type. As 
an extreme example Dodge and Davis^ have found for oxygen and nitrogen 
that log P is a nearly linear function of i /T from the triple point to the critical 
temperature. Vapor pressures may therefore be expressed with a fair degree 
of accuracy over a considerable temperature range by the equation, 

log P = ~ A/T + B (2) 

For the purposes of the following discussion this equation will be written: 

log Patm. = — L'/2.303RT + LV2.303RTb (3) 

where L', the apparent heat of vaporization, is obtained by multiplying the 
slope of the log P against i/T curve (at the boiling point) by 4.578. It is the 
purpose of this paper to present a method by which the value of L' (and hence 
A and B) may be predicted when the boiling point and the chemical nature 
of the liquid are known. 

The Heat of Vaporization 

A number of empirical or semi-empirical equations have been proposed by 
which the heat of vaporization of an unassociated liquid may be estimated 
when its boiling point is known. The writer* has recently shown that the 
most reliable of these equations is that of Kistiakowsky,® 

AHk = RTb ln(82.o7Tb) (4) 

For associated liquids the observed heats of vaporization are nearly always 
greater than AHk defined by Equation 4. The ratios of the observed AH 
to AHk for four classes of liquids are given in Table I. For the purpose of 
comparison it was thought best to employ data from a single source since 
the differences betweeti two observers often exceed the sum of their apparent 
probable errors. The values used in Table I are accordingly taken entirely 
from the work of Mathews.^ 

^ Dodge and Davis: J. Am. Chem. Soc., 49 , 610 (1927). 

* Chipman: J. Phys. Chem., 32 , 1528 (1928). 

* Kistiakowsky: J. Russ. Phys. Chem. Soc., 53 , 256 (1921). 

* Mathews: J. Am. Chem. Soc., 48 , 562 (1926). 
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Table I 


Ratio of Observed to Calculated Heat of Vaporization 


Substances 

Number 

AH/AHk 

Av. Deviation 
from Mean 

Benzenoid Hydrocarbons 

6 

1.014 

0.004 

C.HbXe* 

13 

1.030 

0.016 

Esters 

16 

1.072 

0.013 

Alcohols (Except Methyl) 

6 

1.296 

0.012 


* a, b, c, etc. = i, 2, 3, etc. X = Halogen. 

It is apparent from Table I that the Kistiakowski equation may be written, 


AH = 2.303 aRTblog(82.o7Tb) (5) 

where the factor, a, is a constant for a given class of liquids. 

The Vapor Pressure Equation 

The quantity L' of Equation 3 is not in general equal to the heat of vapori¬ 
zation although it approaches that quantity as assumptions i and 2 of the first 
paragraph approach validity. The ratio of L' to AH is approximately con¬ 
stant for a given class of substances. Thus Parks and Barton^ obtain the 
heat of vaporization of alcohols by multiplying the value of L' (at the boiling 
point) by 0.96; similarly Mortimer^ obtains an average value of 1.08 for the 
ratio L'/AH for a wide variety of liquids. In Table II are presented some of 
the values of this ratio obtained from vapor pressure data of the International 
Critical Tables® and heats of vaporization given by Mathews. 

Table II 

Ratio of Apparent to Observed Heat of Vaporization 


Substances 

Number 

L'/AH 

Av. Deviation 
from Mean 

Hydrocarbons 

6 

1.050 

0.015 

CaHbXe 

9 

1.032 

0.010 

Esters 

II 

1.046 

0.015 

Alcohols 

6 

1.048 

0.010 


Since the two ratios AH/AHk and L'/AH are both approximately con¬ 
stant for a given class, it follows that L'/AHk is also approximately constant. 
This ratio at the boiling point will be designated by the symbol g and may be 
called the ‘‘slope factor'^ for the substance since it represents the ratio of the 
actual slope of the log P against i/T curve to the slope calculated by the 
Kistiakowsky and Clausius-Clapeyron equations. The actual slope will then 
be given by the equation, 

A = L72.303R = fifTb log(82.o7Tb) (6) 

When this value is substituted in Equation 3 a simple and very useful vapor 
pressure equation^ is obtained: 

_ log Patm . = - ^Tblog(82.o7Tb)/T + g log(82.o7Tb) (7) 

^ Parks and Barton: J. Am. Chem. Soc., 50 , 24 (1928). " 

* Mortimer: J. Am. Chem. Soc., 44 , 1429 (1922), 

* “International Critical Tables,'* 3 , 201-246 (1928). 

^ An equation similar to this in which however the slope factor was omitted or con¬ 
sidered unity was obtained by Kistiakowsky: Z. physik. Chem., 107 ,65 (1923), 
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Table III 

Calculation of ‘‘Slope Factors^' 


Substance 

Tb 

Obs. Slope Tblog(82.07Tb) Slope Factor 

Helium 

4.2 

7 - 3 ° 

10.6s 

0.685 

Hydrogen 

20.36 

53-25 

65.6 

0.811 

Methane 

III .7 

445 - 

443 - 

1.005 

Ammonia 

2397 

1255 

1030 

1.219 

Sulfur Dioxide 

263.1 

1338 

1140 

I-I 73 

Water 

373-1 

2160 

1673 

1.291 

Formic Acid 

373-6 

1830 

1675 

I 093 

Sulfur Monochloride 

4II .0 

1880 

1867 

1.008 

Mercury 

629.8 

3102 

2970 

1.043 

Anthraquinone 

652.9 

3340 

3090 

1.081 


Table IV 


Slope Factors of Inorganic Substances 


Substances Number 

Slope 

Factor 

Av. Deviation 
from Mean 

Rare Gases (except helium) 

5 

1.012 

0.020 

Nitrogen; Oxygen 

2 

1 .045 

0.004 

Chlorine; Bromine; Iodine 

3 

1.085 

0.002 

Sulfur; Selenium 

2 

0.958 

0.005 

Mercury; Cadmium; Zinc 

3 

1.031 

0.007 

Calcium; Strontium; Barium 

3 

2-59 

0.03 

Sodium; Potassium; Rubidium 

3 

0.88 

0.04 

Bismuth; Antimony; Tin 

3 

1.21 

0.04 

HCl; HBr; HI; HCN 

4 

1.095 

0.009 

HjS; H,Se; HjAs 

3 

1.09 

O.OI 

CIO2; SO2; NsO; NOCl 

4 

I.IS 

O.OI 

COCb; SeOCls; CrO,CU 

3 

1.09 

0.02 

P, B, As, Sb, tri-halides (ex. fluorides) 

7 

1.08 

0.03 

P, B, tri-fluorides 

2 

1,19 

0.005 

(CN)*; CNCl 

2 

1.14 

O.OI 

CS2; CSSe; C, Si, Ge, Sn, tetrachlorides 

6 

1.040 

0.015 

C, Si, Ge, Sn, P, hydrides 

5 

1.02 

0.02 

SuHbXo 

6 

1.07 

O.OI 

PbCU; PbBr*; Pbl2; HgCU; HgBr2; Hgl2 

6 

1.13 

0.05 

AgCl; TlCl; TlBr; Til 

4 

1.022 

0.005 

CU2CI2; Cu2Br2; CU2I2 

3 

0.51 

O.OI 

Alkali Halides 

19 

1.06 

0.06 

Miscellaneous: H2F2, 1.02; P, i.oi; CO 

, COS, 

T.05; N2H4, 

1.27; NO, 1.41; 

N2O4, 1.35; HgCl, 1.45; PFs, 1.25; SOs, 1.57; TIF, 2.05; (See also Table III). 
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The constants of Equation 2 are thus readily obtained when the boiling point 
and the slope factor are known. Table III shows the calculation of the slope 
factors for a few liquids whose vapor pressure curves have been accurately 
determined and which do not fit readily into the classifications of the sub¬ 
sequent tables. Substitution of the values of this table in Equation 7 re¬ 
produces the vapor pressure curves for the liquids within the limits of error 
of the assumption tl^t log P is a linear function of i/T. Where this assump¬ 
tion is not valid the error becomes greater at temperatures farther from the 
boiling point. Thus for water which deviates largely from the linear as¬ 
sumption the error amounts to 0.9% at 80® and 2.4% at 60®. For the less 
polar hquids the errors are much smaller. 

In Tables IV and V are summarized the average values of the slope factors 
for a wide variety of liquids. The data used were taken chiefiy from the Inter¬ 
national Critical Tables but some otiier recently published data were also 
taken into consideration. Certain of the data of the I.C.T. had to be omitted 
where the points were not suflSeiently concordant to determine even an ap¬ 
proximate value of the slope. The deviation from the mean value of g within 
a well-defined class of substances is frequently less than that due to uncer¬ 
tainty of the experimental slope. The lowest member of an homologous series 
often has a different slope factor from the other members. Such exceptions 
are noted in the tables. 

Table V 

Slope Factors of Organic Substances 


Substances 

Number 

Slope 

Factor 

Av. Deviation 
from M«an 

Ethane; Propane; n-Butane 

3 

1.032 

0.002 

Higher paraffines and olefines 

18 

1-053 

0.020 

Benzene; Toluene 

2 

1.082 

0.002 

Other benzenoid hydrocarbons 

8 

1.034 

0.020 

Naphthalene; Anthracene, etc. 6 

Halogenated paraffines, benzenes, naph- 

1.084 

0.022 

thalenes 

28 

1.070 

0.015 

Nitro compounds 

6 

1.120 

O.OII 

Aliphatic Amines 

S 

I -13 

0.03 

Aniline and Toluidines 

4 

1.152 

0.008 

Alkyl anilines and toluidines, etc. 

8 

1.13 

0.015 

Ethers 

6 

1.10 

0.015 

Acetic Acid 

I 

1 . 18 


Acids (propionic to heptylic and benzoic) 7 

1-365 

0.085 

Alcohols 

10 

1 - 3 S 2 

0.020 

Mercaptans 

2 

1.08 

O.OI 

Phenols, Cresols, Benzyl Alcohol 

5 

1.31 

0.07 

Naphthols 

2 

I -145 

o.oqs 

Aldehydes 

2 

1 . 10$ 

0.020 

Ketones, Phenones 

4 

1,14 

0.02 

Esters 

17 

1.125 

0.019 
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Correction of Boiling Points to Normal Pressure 

In order to employ the methods here presented a knowledge of the normal 
boiling point is required. Frequently boiling points are observed at pressures 
more or less distant from normal and in such cases the foregoing considera¬ 
tions permit a ve’^y simple and accurate method of obtaining the normal boil¬ 
ing point. For this purpose Equation 2 may be put into the form used by 
Cragoe;' 

at = (2.8808 - log (8) 

where AT is the correction to be added to the observed boiUng point and 

# = log(82.o7Tb) (9) 

This equation is most easily solved by successive approximations, the num-^ 
ber of approximations depending upon the accuracy required and the magni¬ 
tude of AT. 

Summary 

Relationships between AH (heat of vaporization), L' (apparent heat of 
vaporization from vapor pressure data) and AHk (heat of vaporization by 
the Kistiakowsky equation) have been investigated. It is shown that for a 
given class of liquids the ratio between any two of these quantities at the boil¬ 
ing point is approximately constant. 

The ratio, I// AHk = g, called the “slope factor,” may be estimated for 
nearly any liquid by comparison with the tables given. This factor and.the 
normal boiUng point are sufficient to establish the approximate vapor pres¬ 
sure equation. 

A simple and reliable method of correcting observed boiling points tb 
normal pressure is presented. 

Department of Chemistry. 

Georgia School of Technology, 

Atlanta, Ga. 

* Cragoe: “International Critical Tables,” 3 , 246 (1928). 



ADSORPTION OF POTASSIUM CHROMATE ON ZINC^ 


BY R. F. REED AND S. C. HORNING 

Chromic acid and its salts are commonly used in lithographic etches. 
These etches are supposed to reduce the affinity of the zinc lithographic 
plates for ink and to increase their affinity for water. This change in the char¬ 
acter of a metal surface in the presence of various substances can be shown 
in many ways. Iron which has been immersed in concentrated nitric acid, 
or zinc which has been immersed in chromic acid will no longer react im¬ 
mediately with copper sulphate. These phenomena have received various 
explanations, but all of the theories depend on the formation of a surface film 
having new properties. The data obtained shows that potassium chromate 
reacts with a zinc surface, imparting to it new properties by depositing on it 
a compound of chromium. 

A qualitative measure of the extent to which the activity of a zinc sur¬ 
face is reduced by potassium chromate should be obtained by determining 
the effect of potassium chromate on the catalytic activity of zinc, adsorption 
on zinc, and on the chemical reactivity of zinc. Only the last two methods 
were investigated. The results obtained with these methods indicate that 
potassium chromate should act as a strong poison for zinc catalysts. 

The amount of corrosion of zinc over a period of twenty hours was de¬ 
termined in three separate solutions, one of distilled water, one of .00^86 M 
potassium chromate, and one of .00286 M chromic acid. These tests were 
made on two different samples of zinc, one sample containing 99.9 per cent 
zinc, and the other approximately 99.0 per cent zinc. The metal in each case 
was completely covered with the solution and aeration was continued through¬ 
out the tests. The plates in the distilled water became covered with a deposit 
of basic carbonate and were pitted, while the plates in both the potassium 
chromate and chromic acid solutions remained clean and retained their pol¬ 
ished appearance. The losses in we%ht of the plates in chromic acid and in 
potassium chromate solutions were approximately equal, being about .01 
mg. per square centimeter, while the loss in distilled water was more than .35 
mg. per square centimeter. There was no noticeable difference in the rates 
of corrosion of the two grades of zinc of different purities. 

A comparison was made of the amount of moisture adsorbed by clean 
zinc surfaces and surfaces which had previously been treated with a solution 
of potassium chromate. The moisture adsorbed was determined by first 
passing an inert gas saturated with moisture over the plates and then passing 
dry gas over the plates and collecting the water in calcium chloride tubes. 
The clean zinc adsorbed .0013 mg. of water per square centimeter, while the 
treated plates adsorbed .0009 mg. of water per square centimeter. 

* Institute of Scientific Research, University of Cincinnati, Department of Lithographic 
Research. 
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Three zinc plates were cleaned by rubbing with fine pumice powder and 
water. The first was allowed to dry and then immersed in a 2 per cent so¬ 
lution of methyl violet; the second was immersed, without drying, in the 
methyl violet solution; and the third was immersed, without drying, in a 15 
per cent solution of potassium chromate and then in the methyl violet solu¬ 
tion. The first was definitely colored a light blue, which could not be re¬ 
moved with water; the second acquired a deep blue bronze color, very similar 
to that of the methyl violet crystals, which changed on standing in air or on 
continued washing to the original color of the dye; while the third was not 
colored at all. 

These experiments show conclusively that a zinc surface is changed in 
character through the action of potassium chromate. Since a reaction of 
some kind must occur, a determination was made of the amount of potassium 
chromate removed from solution by zinc and of the amount of chromium re¬ 
tained by the zinc surface. 

Small plates of zinc were cleaned under water with pumice, and without 
drying were immersed in a dilute solution of potassium chromate. The error 
caused by the introduction of the moisture adhering to the zinc plates is much 
less than the experimental error involved. Using .00004 molar solutions, each 
square centimeter of zinc removed approximately .0001 mg. of potassium 
chromate from solution. 

A clean zinc plate was treated with a 20 per cent solution of potassium 
chromate and the solution was allowed to dry on the plate. It was then wash¬ 
ed in running water until all of the potassium chromate appeared to be re¬ 
moved. A determination of the chromium on the metal surface showed that 
as much as .003 mg. calculated as potassium chromate had been taken up per 
square centimeter. In each of the above cases the chromium was determined 
colorimetrically using diphenylcarbazide. 

It has been shown that potassium chromate reacts with a zinc surface, 
depositing on it a compound of chromium and making it less active. The 
adsorbed compound is probably either zinc chromate or potassium chromate. 
This question could be decided if the potassium, in addition to the chromium 
retamed by the zinc, could be determined. 



IONIC EQUILIBRIUM IN COLLOIDAL SOLUTIONS 


BY H. D. MURRAY 

Since Perrin’s work on endosmosis' it is generally accepted that the charge 
on colloid particles is due to ions at the surface of the particles. It is now 
suggested that several of the properties of these particles are to be expected 
from considerations based upon the law of Mass Action. 

The process of the formation of the charge on colloid particles may be 
considered to take place in two stages. First, an adsorption of electrolyte 
upon the particle surface, and then the ionization of the electrolyte so ad¬ 
sorbed. It appears probable that adsorption of the stabilizing electrolyte is 
polar, that is to say that it is brought about by forces centred in one polar 
element of the electrolyte, so that subsequent ionization takes place in such 
a way that the ion remaining on the surface is of the same chemical nature 
as the particle itself. For example, metal particles stabilized by hydroxides 
appear to retain the cation on the surface, while sulphide particles stabilized 
by H2S retain sulphur ions. Powis** has noticed that a Fe(OH)3 sol which, 
when prepared in the usual way in the presence of excess FeClj, is positively 
charged' by Fe ’' ions may be obtained negatively charged by running a 
solution of FeClj into a KOH solution. Another example is afforded by 
Lottermoser’s experiments* on Agl sols. If AgNO* solution is added to 
excess of KI solution a negatively charged Agl sol is formed. If KI solution 
is added to excess of AgNOs solution a positively charged sol is formed. 

If we write AAgI for colloidal silver iodide, the two sols would appear 
to be 


OAgl.r + K- + KNO, and OAgl.Ag’ -|- NO^ -|- KNO3 

for the first sol coagulates when a slight excess of AgNO* is present and the 
second sol when a slight excess of KI is present, 

OAgl.I' -f- Ag‘ OAgl.AgI and 

OAgI.Ag- H- I' ^ OAgI.AgI 

This appears to be a general effect and may be summed up as follows:— 
When a colloidal precipitate is formed by mixing solutions of two electrolytes 
the precipitate will be positively charged when that electrolyte is present 
in excess which furnishes the cation of the precipitate and negatively charged 
when that electrolyte is in excess which furnishes the anion. » 

1 J. Chim. phys., 2, 601 (1904); 3 , 50 (1905). 

* J. Ghem. 80c., 107 , 818 (1915). 

‘ J. prakt. Chem. (2), 72 , 39 (1905); 73 , 374 (1906). 
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To say that the charge upon the particle is due to ionization of electrolytes 
from the surface gives a more static picture of what is known as formation 
of charge by selective adsorption. The conditions obtaining at equilibrium 
may be expressed graphically by:— 

0 + AB :?:± OaB Oa' + B' 

If now a further quantity of electroljrte be added to the system, various 
effects may be observed. 

(i) When the particle surface is unsaturated. 

If the concentration of the stabilizing electrolyte AB is low and the 
particle surface has not adsorbed AB to saturation, that is to say if the 
balance of equilibrium lies to the right and left in the above equation, then 
addition of a further quantity of an electrol3rte ab may result in the adsorption 
of ab upon the surface, subsequent ionization, and hence a slight increase in 
particle charge. This may be represented by:— 

0 A-+ B'+ o6:;=± 0i.+ B':;=±Ot +W + b' 

An increase of charge has often been observed when small quantities of uni¬ 
valent electrolytes have been added to comparatively pure sols. Some re¬ 
sults by Burton^ are given on the relation between the mobility of copper 
particles, and hence the charge on the particles, and the amount of KV] 
added to the sol. 

Normality of Mixture Mobility at i8°C 
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The above process may be also offered in explanation of the fact noticed by 
Beans and Eastlake^ that metal sols prepared by Bredig^s method are more 
stable in the presence of traces of added electrolyte. 

(2) When the surface is saturated and little if any alteration of ionization occurs. 

Here there will be no immediate effect, but a slow rearrangement of ad¬ 
sorbed electrolyte on the particle surface will take place until the stabilizing 
electrolyte and the added electrolyte are in equilibrium with each other 
on the particle surface and in solution. Such an effect may be taking place 
in the phenomenon of acclimatization. There will be little alteration in the 
properties of the sol. If, however, a non-electrol5rte be added to the system 
coagulation may ensue by replacement of the stabilizing electrolyte. This 
would explain the coagulation of sols by non-electrolytes when these are added 
in quantities insufficient to alter appreciably the physical condition of the 
system. 

^ “Physical Properties of Colloidal Solutions,*’ 2nd Ed., p. 167. 

* J. Am. Chem. Soc., 37 , 2667 (1915). 



140 


H. D. MURRAY 


(3) When the surface is saturated and ionizaJtion is repressed. 

Consider the case where an electrolyte is added to the sol in such amount 
that the concentration of undissociated electrolyte on the particle surface 
increases. The problem is similar to that of calculating the degree of dis¬ 
sociation of the products obtained by mixing two dissimilar electrolytes in 
solution, but here we can confine our attention to two ions only. The anions 
of the added electrolyte will tend to combine with the cations on the particle 
surface. If the added anions are n-valent then the number of these which 
must combine with surface cations is equal to i/n of the number of univalent 
anions required to reduce the effective charge on the particle to the same 
extent. In order to reduce the charge to the point where coagulation takes 
place, therefore, n times as many univalent anions must combine a n- valent 
anions. In addition, the force binding a polyvalent ion to a univalent is 
greater than that binding two univalent ions. This fact is apparent in the 
dissociation constants of a polyvalent electrolyte. Abbott and Bray^ give 
the following values for H8PO4, 

Ki = 1.1 X io““® 

K2 = 1.9s X 
Ka = 3.6 X 

That is to say, a greater number of polyralent anions will combine with sur¬ 
face cations than will univalent anions when an equal number are added to 
the system. Thus an electrolyte with, say, a trivalent anion, will bring about 
coagulation at a much smaller concentration than one third of that of an 
electrolyte with a univalent anion. This is in accord with well known facts. 
Burton^ quotes some values for the concentrations in milligram-atoms per 
litre of different salts required to cause coagulation of arsenious sulphide sol, 
examples of which are as follows:— 


LiCl 

185.4 

CaCl* 

2.06 

CrCU 


NaCl 

80.6 

BaCU 

1.68 

FeCl, 

. 123 

KCl 

97-9 

MgCU 

1.05 

AlCl, 

.090 


So far, only the effect of the anion of the added electrolyte has been con¬ 
sidered; but the cation, especially when polyvalent, may also influence the 
coagulating power. As the concentration of the added electrolyte is in¬ 
creased the tendency of the anion to combine with surface cations is less 
when the added cation is polyvalent than when the latter is univalent. The 
former conditions may be represented:— 

Oa6 + o - 

O.A'+ a" +b’ 

^)a “1“ <16 



^ J. Am. Chem. Soc., 31 , 729 (1909). 
* Loc. cit., p. 158 et seq. 
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The balance of the equilibrium shifts to the lower reaction as the valency 
of a increases. Hence a greater concentration of added electrol}^^ is re¬ 
quired to reduce the effective charge on the particle to the limiting value for 
coagulation. This effect is also shown in examples below quoted from Burton: 


HC:i 

49-4 

^H 2 S 04 

0 

d 

00 

1/3H3PO4 ca. 1290 

KCl 

49-5 


65.6 

i/3K3Citrate 240 

CaCl* 

X- 3 I 

CaS 04 

1.60 


MgCU 

1.14 

MgS 04 

2.10 


FeCIa 

.136 

§Fea(S 04 )a 

.216 


AICI3 

. 062 

iAlj(S 04)3 

.074 



Returning now to the charged particle, it is obvious that, by the addition 
of sufficient electrolyte with univalent ions to the sol, it is possible to make 
the charge approach zero as dissociation of surface ions is repressed. But, 
if the anions of the added electrolyte is polyvalent the effect produced by its 
addition will depend upon its concentration. In small concentration the 
effective charge on the particle will be reduced. 


Oi: + b' 



In larger concentrations the effective charge will be revoT'sed, 


0 


i + 36” 


0 


lAb" 

A6'' 


In still larger amounts the concentration of trivalent and divalent ions in 
solution becomes very small, and the effective charge on the particle is 
reduced, but not reversed, by combination of the surface cations with the 
univalent anions present, 

Qa; + ^ 

All the above effects have been observed by Buxton and Teague.^ Some of 
their results on the coagulation of a platinum sol by Fe CI3 are given below:— 


Millimols FeCh/litre 
o to .0557 

•0833 to .2222 

•3333 to 6.667 
16.33 to 666.7 


Effect 

No coagulation 
Complete coagulation 
No coagulation 
Complete coagulation 


Direction of Cataphoresis 
To anode 
No cataphoresis 
To cathode 
No cataphoresis 


The reversal in sign of the charge on particles has been noticed when poly¬ 
valent ions have been added to a sol, but not after the addition of univalent 
ions, except in some special cases where the ions is one of those of the elec¬ 
trolyte forming the body of the particle. On the above view, reversal of sign 


^Z. physik. Chem., 57 , 72 (1906). 
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should only be possible with an added electrolyte having an ion, of opposite 
sign to the stabilizing ion on the particle surface, which is of greater valency 
than the stabilizing ion. 

It would thus appear that those electrolytes are most efficient stabilizers 
of colloid particles which contain an ion m common with the substance of the 
particle, and that many of the typical properties of such particles may be 
explained on the assumption that these electrolytes are adsorbed at the par¬ 
ticle surface and are free to dissociate dissociation taking place in such a way 
that the ion remaining attached to the particle surface is that of the same 
chemical nature as the substance of the particle. 

Imperial College of Science and Technology. 

South Kensington. 



THE DIELECTRIC CONSTANTS OF SILVER SOLS WHEN DILUTED 
WITH VARYING AMOUNTS OF ETHYL ALCOHOL 

BY GEORGE D. ROCK AND SIMON KLOSKY 

In order to determine the charge on colloid particles, it is customary to 
measure the velocity at which they migrate under the influence of a known 
difference in potential. In the formula which shows the relation between these 
two quantities, the dielectric constant appears. It is usual to consider the 
dielectric constant of the sol equal to the dielectric constant of the medium; 
but as this is not alwasrs true* (for example, vanadium pentoxide) it was 
thought desirable to measure it in the case of silver sols especially in the pres¬ 
ence of varying amounts of alcohol. 

Preparation of the Liquids used 

The silver sols were made by the method of Carmody* which consists in 
suspending freshly prepared and well washed silver oxide in water, heating 
to boiling, filtering hot as rapidly as possible, cooling and reheating to about 
So^C, when the characteristic color of the Kohlschiitter sols’ appears and 
deepens on continued heating.* 

Twenty liters of this sol were prepared. 

Alcohol obtained from a widely known manufacturer was redistilled 
three times and a constant boiling fraction used to dilute the sol. This alcohol 
was not dried, but its density determined at 25° C. by pyknometer and the 
water content read from a table.* 

In this way sols containing varying percentages by weight of alcohol were 
obtained. The silver content of all the sols was the same, namely, 25 milli¬ 
grams per liter. 

Standard liquids were now prepared. The methyl alcohol, acetone and 
carbon tetrachloride were analyzed samples from a prominent chemical firm. 
The nitrobenzene and bromobenzene were freshly distilled just before use and 
their refractive index, which was measured, indicated that they were very 
pure. 

Apparatus* 

The apparatus used in the experiment was arranged as an adaptation of 
the well-known heterodyne system and is illustrated in Fig. i. The high-fre¬ 
quency oscillators were constructed according to the Hartley system and em¬ 
ployed UX 210-A tubes as the vacuum tube oscillators. Large-capacity 

* Errera: KoUoid-Z., 31, 62 (1922). 

' Unpublished Master’s Thesis, Catholic University (1924). 

* Kohlschiitter: Z. Elektrochemie, 14,49 (1908). 

* Researches on the constitution of this micelle are in progress. 

'“Smithsonian Tables,’’ p. 124 (1921). 

* Extract from Doctor’s Dissertation of George D. Rock, Catholic University (1927). 
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storage batteries were used to heat the filament. Thu large capacity was 
necessary in order to minimize “drifting” caused by variation of filament 
current. Radio “B” batteries supplied the plate voltage. 

The oscillator marked “B” in the diagram had four condensers in the 
high frequency circuit. A large fixed condenser K' of 10,000 m.m.f. capacity 
was connected in parallel with the variable precision condenser K of maxi¬ 
mum capacity 1500 m.m.f. These were in turn connected in series with con¬ 
densers C and C'. The condenser C was a small fixed condenser and C' was a 
fixed condenser containing the liquid under test. 





Oscillator “A” was essentially the same as “B” but had only one con¬ 
denser in the oscillating circuit excepting the very small variable air con¬ 
denser connected in parallel with the large condenser and arranged so as to 
compensate for the “drift” of the oscillators. 

The detecting system consisted essentially of a three stage V.T. amplifier 
inductively connected to both “A” and “B” and having electrically connected 
in the output circuit of the third tube a 1000 cycle General Radio oscillator, 
a thermo-galvanometer and a pair of phones as indicated on the schematic 
diagram. 

Procedure 

The oscillator “B” was set to operate at 500,000 cycles as determined by a 
precision wavemeter. Oscillator “A” was then started and its frequency 
varied until zero beat was secured as evidence by no beat frequency in the 
phones. The 1000-cycle oscillator was then put into operation aqd “A” 
detuned from “B” by 1000 cycles. This result was secured by listening at the 
phones and noting the oscillations of the needle of the thermo-galvanometer. 
When nearing the 1000-cycle point beats could be heard and the needle of the 
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galvanometer could be seen to oscillate slowly. At exactly this point the 
needle would remain at rest and the beat frequency was zero. The reading of 
the precision condenser was then noted. This system of detuning to a pre¬ 
determined frequency resulted in very sharp balance points and entirely 
eliminated the tendency of the oscillators to fall into synchronism and give a 
very broad balance point. Precautions were taken to insure working on the 
same side of the zero point for all the readings. 

A liquid with a known dielectric constant was then placed in the test con¬ 
denser and the precision condenser varied until the total capacity of the 
oscillating circuit was the same as before, resulting in the production of the 
same looo-cycle beat note from the high frequency oscillators. The reading 
of the precision condenser was again noted and the entire operation repeated 
using another standard liquid. In this way data were obtained for a curve 
showing the relation between changes in condenser readings and the di¬ 
electric constants. 

The solutions of alcohol in water for various concentrations were then 
placed in the condenser and the respective changes in the precision condenser 
noted. Then the liquids containing the silver were placed in the condenser 
and their changes noted. 


Results 
Table I 

Standards used and Their Sources 


Substance 

Carbon 

Reading 

Dielectric 

Temp. 

Observer 

tetrachloride 

2.917 

2.25 

i8°C 

Turner* 

Water 

10.980 

81.1 

18.6 

Turner* 

Bromobenzene 

3.887 

5-21 

23 -5 

Walden^ 

Nitrobenzene 

7-433 

35-5 

20 5 

Walden^ 

Acetone 

6.214 

20.5 

19. 

Drude^ 

Acetone (25%) 

9-334 

67.0 

19 

Drude^ 

Acetone (50%) 
Methyl 

8.596 

50.6 

19 

Drude® 

■ alcohol 

7.298 

315 

18 

Rudolph^ 

Air 

2.130 

1.0 

20 

Fritz*^ 


^ Z. physik. Chem., 35, 385 (1900). 
*Z. physik. Chem., 70, 569 (1910)- 
*Z. physik. Chem., 23, 288 (1897). 
^Diss. Leipssig (1911). 

• Phys. Rev., (2) 23, 345 (1924)* 
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Table II 

Dielectric Constants of Mixtures of Alcohol and Water 

% Alcohol Condenser D.E.K. (Curve) % Alcohol (S) D.E.K.(25'>C) (S) 

Beading 



Fig. 2 


Table III 

Dielectric Constants of Silver Sols and Alcohol 


Ag Sols. 

% Alcohol 

Condenser Reading 

D.E.K. (Curve) 

I 

0.0 

10.870 

79-5 

2 

7-65 

10.560 

75-6 

3 

15.61 

10.410 

73-7 

4 

23.89 

10.007 

68.6 

5 

32.55 

9*455 

61.4 

6 

41.56 

9.228 

58.3 


Discussion of Results 

No provision was made for temperature control in these experiments. The 
temperature of the room was observed before and after each reading and in 
no case was it found to vary more than plus or minus one degree from 23‘’C. 
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As the temperature coefficient of the dielectric constant of ordinary liquids* 
at room temperature is only 0.005 units, no serious error is introduced by this 
procedure. 

As can be seen from the curve, Fig. 2, the condenser readings for the 
standard liquids lie on a smooth curve \nth the exception of 25% acetone. No 
reason is known for the divergence. 

The dielectric constants of the mixtures of alcohol and water lie on a 
smooth curve slightly higher than those of Salazar,^ whose data are included 
in the columns marked (S) as the reference is rather inaccessible. 

The dielectric constants of the silver sols are very close to those of the dis¬ 
persion medium or slightly lower with the exception of 50% alcohol, which is 
higher. This is in agreement with the data of Errera* who found the di¬ 
electric constant of silver hydrolysols to be practically that of pure water.* 

Summary 

The dielectric constants of silver sols, to which varying percentages of 
ethyl alcohol were added, have been measured; and found to be substan¬ 
tially equal to the dielectric constants of the dispersion media. 

The Catholic University of America, 

Washington, D. C. 

March 19i8. 

' Turner: Z. physik. Chem., 35,412 (1900). 

’ Salazar: Anal. Soc. Ezpan. Fis. Quim., 22, 275 (1924). 

'Errera: KoUoid-Z., 32, 157, 244 (1923). 

'Bibliographies on dielectric constant are given by Salazar and by BlUh: Physik. Z., 
1926, 266. 



THE PHOTOEXPANSION OF CHLORINE 


BY W. H. MARTIN, A. F. W. COLE AND E. E. LENT 

In 1871 Budde^ observed that chlorine expanded on exposure to sunlight 
under conditions which caused no expansion in air. Since the gas absorbs 
light of certain colours such an expansion is to be expected if the absorbed 
light energy is degraded to heat energy. Budde sought to invent a mechanism 
to account for the expansion but his discussion is prejudiced by his belief 
that there was no corresponding rise in temperature of the chlorine. Any 
mystery surrounding this expansion of ordinary chlorine was dissipated by 
the work of Mellor^ and Bevan® who showed that the expansion is quanti¬ 
tatively accounted for by the rise in temperature of the insolated gas. 

The mysterious result on the expansion of chlorine is that of Shenstone 
and should not properly be called the Budde Effect. Shenstone^ found that 
chlorine dried with phosphorus pentoxide did not expand on exposure to sun¬ 
light. It is difficult to be sure that anyone ever verified this remarkable re¬ 
sult. Mellor may have done so. In his conclusion he says— ‘‘Dry chlorine 
does not exhibit the Budde Effect^^; but in the paper no experiment is de¬ 
scribed and the only pertinent paragraph is— “If chlorine is dried by means 
of phosphoric oxide, there is no sign of Budde^s expansion in sunlight. (Con¬ 
centrated sulphuric acid may be used as index liquid.).which may well 

be a reference to Shenstone^s work. Baker® certainly tried some experiments 
but does not describe them. “I have undertaken some experiments with 
unmixed chlorine, but I find that in this case there is absolutely no increase 
in volume (on exposure to light)’\ Baker neither here nor elsewhere says 
anything further about these experiments. 

Yet almost everyone who has written on the photochemical reactions 
of chlorine accepts this result of Shenstone as proven. Theories of the mech¬ 
anism of the hydrogen chlorine reaction have been built up using Shenstone^s 
result as one of the foundation stones. Weigert® and MarshalF and many 
others accept and make use of this result in their theories. 

If it be true that dry chlorine in sunlight does not increase in temperature, 
then what becomes of the energy of the absorbed light? All measurements 
on the absorption coefficients of dry and of wet chlorine® have failed to detect 
any difference between the two. It is true that Mellor® and Cordier^® thought 

1 Phil. Mag» (4) 42, 290 (1871); Pogg. Ann., 6, 477 (1873). 

* J. Chem. Soc., 81, 1289 (1902). 

«Phil. Trans., 202, 90 (1904). 

^ J. Chem. Soc., 71, (1897). 

‘ British Association Reports, 1894, 496. 

«Z. physik. Chem., 106, 407 (1923). 

^ Trans. Am. Electrochem. Soc., 49, 143 (1926). ' 

B Le Blanc: Z, Elektrochemie, 25, 234 (i9ip); Halban and Siedentopf: Z. physik. Chem., 
103, 71 (19^2); Komfeld and Steiner: Z. Physik, 45,325 (1927). 

* J. Chem. Soc., 81, 1289 (1902). 

Wien. Monatshefte, 21, 655 (1900). 
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to have found that moist chlorine is more effective than is the dried gas in 
filtering out a constituent of the light which is active in promoting the re¬ 
actions of chlorine with hydrogen and with silver. Recently, however, 
Weigert and Nicolai^^ have published a paper which casts grave doubt on 
these results. 

If dry chlorine absorbs light without rise in temperature, then only two 
possibilities remain: either the chlorine must be changing—for which there 
is not the slightest evidence—, or the absorbed energy must be reradiated in 
some way. Weigert and Marshall speak of an “isochromatic fluorescence,^^ 
by which they mean that the absorbed energy is reradiated as light of the 
same frequency as is the exciting light. It is unthinkable that visible light, 
thus reradiated, should not have been observed by any of the workers on dry 
chlorine. 

One of us^2 has measured the light scattered by commercial chlorine and 
also by chlorine dried by long contact with phosphoric oxide and has found 
not the slightest difference in the intensities of their scattering. Indeed 
chlorine, wet or dry, scatters quite normally, that is, its intensity is as cal¬ 
culated from the Rayleigh formula: and this measured scattering is a thou¬ 
sandfold less intense than must be any hypothetical isochromatic fluores¬ 
cence which would serve to explain Shenstone^s result. Nor does lowering 
the pressure of chlorine result in any visible fluorescence. Iodine at low 
pressures fluoresces brilliantly and we have found it easy to observe this 
fluorescence which is a thousandfold more intense than the scattering. Bro¬ 
mine'® fluoresces too at low pressures,—best at about i mm,—but the intensity 
is less than one percent of that of iodine. 

We have tried to find a similar fluorescence in chlorine at low pressures 
when illuminated by a powerful beam from a carbon arc. The chlorine was 
dried intensively by long exposure to phosphoric oxide and the pressure was 
then lowered by condensing the chlorine into a side-arm by means of liquid 
air. As the pressure decreased the intensity of scattering also fell off gradu¬ 
ally and disappeared without showing any increase which might be called 
fluorescence. 

Mellor'^ tried to detect photographically a fluorescence in chlorine at 
atmospheric pressure but failed. find that no radiations capable of af¬ 
fecting the fastest Taget^ sensitive plates are evolved by chlorine gas con¬ 
tained in thin glass tubes exposed for 1-5 hours to bright sunlight, limelight, 
or to a 6oo~iooo c.p. electric arc; nor does such a vessel of chlorine emit any 
rays capable of causing a perceptible influence on a sensitive mixture of 
hydrogen and chlorine.” 

Kistiakowsky'® also sought to find fluorescence in dried chlorine; but 
neither visually nor with a thermopile did he obtain any evidence that the 
absorbed light was reradiated. 

physik. Chem., 131, 267 (1928). 

A. F. W. Cole: Tiins. Am. Electrochem. Soc., 49, 135 (1926). 

wDaure: Compt. rend., 183, 31 (1926). 

J. Chem. Soc., 81, 1287 (1902). 

J. Am. Chem. Soc., 42, 2104 (1027). 
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There appears then to be not the slightest direct evidence in favour of 
the reradiation hypothesis, so that Shenstone^s result remains inexplicable. 
We have carried out the experiments described below in an attempt to verify 
his results. 

The Purification and Drying of the Chlorine 

The chlorine was taken from a steel cylinder of liquid chlorine supplied 
by the Canadian Salt Company. It contained almost one percent by volume 
of an impurity which was largely though not entirely soluble in alkali and 
was no doubt carbon dioxide with a little carbon monoxide. The first frac¬ 
tions taken from a new cylinder contained more than one percent of impurity, 
the last fractions very much less than this amount. The method of analysis 
was the usual one of absorbing the chlorine in mercury. 

The chlorine was purified by a series of fractionations in the absence of 
air, using liquid air to condense the vapour and retaining the middle fraction 
each time. The purified gas was analysed by sealing up a sample in a tube 
of about 2S cc capacity and breaking off the tip under mercury. The top 
of the sampler tube was drawn out into a capillary, and it was estimated that 
with a hand lens a bubble of gas remaining after absorption would be visible 
if its volume were as great as .01 cubic millimetres. After a triple fractiona¬ 
tion no bubble whatever remained and the chlorine certainly contained less 
than one part in one hundred thousand of impurity non absorbable in mer¬ 
cury. 

Phosphoric oxide commonly contains lower oxides which react with 
chlorine. The oxide used in these experiments was distilled at about 400° 
over platinized asbestos in a current of oxygen. The product satisfied Shen- 
stone and Beck’s criteria for freedom from P2O3, namely,—it failed to re¬ 
duce a 10% solution of silver nitrate when warmed and failed to reduce a 
boiling solution of mercuric chloride. It was largely volatile and could be 
easily distilled into the apparatus as required. 

The Measurement of the Photoexpansion 

The apparatus for drying the chlorine and measuring its photoexpansion 
is shown in Fig, i. All was made of Pyrex except the Bourdon gauge which 
was more easily made from soft glass and was joined by a graded seal to the 
Pyrex. The gauge B was made by blowing a very thin-walled bulb and suck¬ 
ing in one side as symmetrically as possible. These gauges if thin enough to 
be sensitive will not stand a vacuum and were housed in the tube A which was 
connected to the rest of the apparatus by a capillary which could be sealed 
off at C after the system was filled with chlorine. The pointer of the gauge 
was observed by a very low power microscope with a micrometer eyepiece 
and calibration was made against a mercury manometer. 

Phosphoric oxide, prepared as described above, was distilled from several 
sidearms into G. The whole apparatus was then tested for tightness and 
evacuated while baked out with a Bunsen flame. The expansion bulb E was 
baked out in an electric muflBie at 425® for two hours under a high vacuum. 
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The evacuation was made with a mercury diffusion pump, kindly placed 
at our disposal by Professor Ferguson. The pump showed on a McLeod 
gauge a pressure certainly less than .0001 mm of mercury. The apparatus 
was then sealed up under this vacuum. 

Chlorine, purified by fractionation, was admitted at D by breaking the 
seal with a plunger consisting of an iron rod sealed up in glass and operated 
by a solenoid. The apparatus was sealed off at L when filled with chlorine 
at atmospheric pressure. A sampler tube F was then removed and analysed 
and showed purity greater than 99.999%. 



The light from a powerful carbon arc lamp, after traversing a six-inch 
coll of water, was focussed on the bulb E (150 cc capacity) and the move¬ 
ment of the gauge was read. After chlorine was first admitted to the ap¬ 
paratus, the gauge showed, on illumination of the gas, an increase of pressure 
of 10.5 mm of mercury (the gauge is sensitive to about 0.5 mm). The pointer 
moves to its maximum reading about 30 seconds after the light is turned on and 
returns to its original position in about the same time after the light is ex¬ 
tinguished. The same apparatus filled with air showed no expansion. 

The chlorine was then dried by circulation over the phosphoric oxide, 
the circulation being effected by warming to about 34° the bulb E and tube 
M and cooling with running water to about 8° the tube N. An estimate of the 
rate of circulation was obtained by constructing a similar apparatus and 
measuring the rate of flow of a puff of smoke blown into the system. Cir¬ 
culation was at such a rate that the total volume of chlorine passed over the 
phosphoric oxide every 30 minutes. 

Circulation was then carried for a period of 250 hours distributed over a 
total period of 30 days, circulation being carried on by day only. Readings 
were made from time to time of the photoexpansion and gave values such as: 
After 20 hours drying, 10.5 mm mercury; 50 hours, 9.5 mm; 100 hours, 11 mm; 
200 hours, 9 mm. The variations were of course attributable to the arc lamp. 
There seemed to be no object in seeking a constant source of light and re¬ 
producible readings unless there was some indication of the expected great 
change in the photoexpansion. At the end of a month there was no change 
in the photoexpansion; the expected decrease'in the photoexpansion did 
not occur. 
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Have tiiie Walls of the Expansion Chamber any Effect? 

It seemed a possibility that water might cling to the glass walls of E 
even though dried chlorine were circulated through it, so a second apparatus 
(Fig. 2) was made in which E could be first thoroughly baked out, and then 
the chlorine from the other part of the apparatus could be admitted for 
measurement only after thorough drying. 

The expansion bulb was baked out at 42 5° under high vacuum for four 
days. The mercury diffusion pump was operated only about three hours each 
day to evacuate the apparatus completely and the tap turned off to hold the 
vacuum. It was then sealed up with the diffusion pump operating. 



Purified chlorine was admitted to the drying chamber where it was cir¬ 
culated over the phosphoric oxide by alternately condensing it with liquid 
air into H and J, which also contained a little phosphoric oxide. Drying was 
continued for 22 days, during which time the gas was circulated 20 times. 

The dried gas was then condensed into H, the seal D was broken, the gas 
all condensed into F and the photoexpansion part sealed off at L. Since the 
(hying section and the expansion section of the apparatus had been made the 
same volume, the pressure of chlorine is now atmospheric. A sampler tube 
F now showed perfect absorption by mercury. 

On exposure to the arc light an increase of pressure corresponding to 
15 mm of mercury was recorded. Again the expected decrease in expansion 
with drying did not occur. 

It is difficult to explain the difference between these results and those of 
Shenstone. He prepared a very pure sample of chlorine electrolytically. His 
drying was carried out by a method not essentially different and he used as a 
manometer a thread of molten silver chloride which seems less satisfactory 
than an all-glass apparatus. 

The Case for Bromine 

Ludlam^* and Lewis and RideaF have studied the photoexpanrion of 
bromine and fin<l that a dry mixture of bromine and air does not expand in 


Proc. Roy. Soc. Ediou, 44 ,197 (1924). 
u J. Chem. Soc., 1926, 583. 
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light. Their experiments seem to be carefully done and those of Lewis and 
Rideal include quantitative measurements of the photoexpansion in which 
they find that, after drying with sulphuric acid, the expansion becomes less 
and after drying with phosphoric oxide it becomes zero. We had intended 
to repeat the above experiments with bromine replacing the chlorine and to 
withhold this paper on chlorine until the bromine had been studied; but a 
recent paper by Brown and Chapman'® covers much the same ground as we 
had proposed to cover. They find that purified bromine dried for several 
days with phosphoric oxide, which had been freed from lower oxides, showed 
the same photoexpansion as ordinary somewhat moist and somewhat im¬ 
pure bromine. We are repeating the experiments on bromine with an ap¬ 
paratus of the type described above for chlorine. 

Summary 

The expansion of chlorine on exposure to light does not disappear nor 
is it greatly lessened on careful purification and drying of the gas. Nor has 
careful baking out of the walls of the insolation bulb before admission of the 
dried chlorine any effect on the photoexpansion. 

Experiments reported here and in a previous paper show that dried chlorine 
at atmospheric pressure and at lower pressure shows no abnormal scattering 
nor any fluorescence which can be detected vi.sually or photographically. 

It is commonly assumed in papers on the theory of the photochemical 
reactions of chlorine that dry chlorine does not expand on insolation but that 
it reradiates the absorbed energy. The above experimental results are not 
in accord with these assumptions. 

Chemical Laboratory, University of Toronto, 

October 6,1928. 


** J. Chem. Soc., 1928, 560. 
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The Colloidal Salts. By Harry B, Wefi%er. 21 X 15 cm; pp, xi + 404- New York: 
McGraw- HiU Book Co., 1928. Price: $6.00. In the preface the author says: 'Investigations 
on the colloidal character and applications of the inorganic salts are second in importance 
only to those on the hydrous oxides in the development of the modem theories of colloid 
chemistry. The present volume presents a critical summary of the colloidal behavior of 
the salts with particular reference to their role in the study of colloid chemical phenomena 
and to the theory underlying their technical applications.'' The subject is presented under 
the general headings: colloidal sulphides; colloidal sulphates; colloidal haUdes; colloidal 
ferrocyanides; colloidal silicates; miscellaneous colloidal salts. 

'Tn determining the precipitation values of sols, a uniform procedure as regards stirring 
should be followed. Thus, if an arsenic tiisulhde is shaken continuously, appreciable 
flocking will result in a given time with a concentration of electrolyte that will cause no 
flocking whatsoever without stirring. It has been observed repeatedly that the critical 
concentration of electrolytes does not cause agglomeration of the neutralized particles into 
a clump unless the mixture is shaken. What apparently happens is that the charge on the 
particles is reduced to the critical value but instead of agglomerating into a clump, the in¬ 
dividual particles with their film of adsorbed water coalesce to a loose jelly structure that 
is readily broken up by stirring. If a concentration of electrolyte close to the critical value 
is used and the sol is allowed to stand qmetly for a day or two, the surface of the precipitate 
as it settles appears to be a fairly strong, translucent, mobile film, strikingly similar in ap¬ 
pearance to that of a copper ferrocyanide membrane," p. 36. 

“Kruyt and van der Spek recognize the existence of two factors which determine change 
in precipitation value with dilution of sol: first, the smaller number of particles which will 
require the adsorption of less precipitating ion to lower the charge to the critical value; 
and second, the greater distance between the particles, which makes collision less probable, 
and so necessitates a greater reduction in particle charge by the adsorption of more of the 
precipitating ion. Since these two factors have opposite effects, it is only necessary to 
assume the predominating influence of one or the other to account for the results in a given 
case. Thus, for arsenic trisulfide Kruyt assumes the important factor to be the lessened 
chance of collision with potassium ion, and a decrease in the required amount to be adsorbed 
with barium and aluminum ions. If the decreased chance of collision were the only factor 
in preventing a weaker sol from coagulating in a given time in the presence of enough 
potassium chloride to coagulate a stronger sol, it would seem that complete coagulation of 
the weaker sol should result if sufficient time were allowed. As a matter of fact, however, 
enough potassium chloride to precipitate in 2 hours a sol containing 5 grams per liter will 
not precipitate a sol one-fourth as strong in several weeks. Other observations indicate 
that Kruyt attaches too much importance to the decreased chance of collision of particles 
on dilution of sol. Thus, the precipitation value varies almost directly with the concentra¬ 
tion of sol for precipitating ions of high valence," p. 43. 

"A satisfactory explanation of metallic conduction in compounds such as cupric sulfide 
is not available. Triimpler measured the potential of a number of solid conducting salts 
against a saturated solution containing the negative component of the salt in the free and 
ionic state. From the different behavior of metal-like and electrolytic conductors with 
respect to the influence of the negative component on the potential, a fundamental differ¬ 
ence in internal structure is deduced. Thus it is assumed that in pure metallically conduc¬ 
ting compounds, the space lattice points are occupied by atoms or molecules bi^ not by 
ions; hence such compounds appear to be non-polar, in contra-distinction to electrolytic 
conductors. While this assumption may be true, it is not very helpful for it offers no ex¬ 
planation of the fact that metallic conductivity obtains with only a few salts. Moreover, it 
does not account for the very much greater metallic conductivity of cupric sulfide than other 
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salts of the same kind. Since Bridgman has prepared a modification of phosphorus possess¬ 
ing metallic properties, it may be that a similar form of sulfur exists and that cupric sulfide 
is a compound of copper with this metallic form of sulfur,” p. 69. 

^^In BecquereFs experiment, Freundlich points out that the two sides of the glass 
capillary will be oppositely charged by contact with the oxidizing and reducing solutions on 
the two sides. Now, as already noted, copper sulfide is first formed in the capillary and this 
salt is a fairly good metallic conductor. Local currents will therefore be formed which flow 
in one direction through the capillaries and in the opposite direction through the copper 
sulfide as well. Just as in the case of electrostenolysis, an appreciable amount of metal 
can form on the cathodic portion of the capillary provided the conditions referred to above 
obtain,” p. 71. 

“Unlike cupric sulfide which is a pure metallic conductor, /S-silver sulfide stable below 
179° is a mixed conductor, about 80 percent of the current being carried by silver ions and 
20 percent being conveyed as in a metalUc conductor; the a modification, stable above 
179®, is a pure electrolytic conductor,” p. 76. 

On p. 79 the author quotes the reviewer’s explanation of the colors of colloidal metals. 
That was very polite of him; but unfortunately the reviewer was unquestionably wrong. 
All colloidal metals can be made to give the same colors and consequently the color in any 
given case depends on the size of the particles and not on the surface color. 

The chapter on lithopone is extremely good and represents a real advance. The next 
chapter is on ore flotation because this “depends on the property of finely divided particles 
of the sulfides to concentrate preferentially at an interface,” p. 137. 

“In the preparation of the sulfide phosphors, relatively large crystals are formed by 
fusing the amon^hous or submicroscopically crystalline mixture of sulfides, usually in the 
presence of a flux. The minute amount of heavy metal impurity is generally assumed to 
form a solid solution with the zinc or alkaline earth sulfide, which connotes a more or less 
uniform distribution of the impurity throughout the entire mass of the phosphor. Since 
the heavy metal sulfide possesses a crystal lattice different from that of the basic sulfide, it 
is probable that the crystals of the latter, w^hich grow slowly during the ignition pro(‘ess, 
will be quite pure, most of the heavy metal impurity being adsorbed at the surface. On 
account of the very low concentration of heavy metal impurity, the latter will not be dis¬ 
tributed over the entire surface but at points or “centers,’' as it were. From this point of 
view, a center in a zinc sulfide phosphor, for example, is a point on the lattice of a zinc sul¬ 
fide crystal where a molecule or a minute crystal of copper sulfide is adsorbed. Since the 
lattices are different, there is a condition of strain at the interface which makes it easier for 
light to displace certain electrons. This condition of strain is augmented by distorting the 
lattice of the zinc sulfide by rapid cooling of the ignited substance. This concept of a center 
of phosphorescence accounts for a number of facts without the necessity of resorting to 
improbable assumptions,” p. 170. 

“When one considers that the luminescence bands are due entirely to the copper sulfide 
and that 9 copper sulfide molecules per million of zinc sulfide are sufficient, it seems alto¬ 
gether improbable that the few molecules of copper sulfide on the surface would account 
for the quantity of light emitted, assuming that the copper sulfide is dissolved, that is, 
distributed uniformly throughout the mass. On the other hand, if minute crystals of copper 
sulfide are adsorbed at points on the surface, which are not large for a given mass because 
of the size of the crystals, it is more easy to understand how such a small amount of active 
impurity can be so effective,” p. 171. 

*Tt is of interest that calcium sulfate gel played an important role in biology until 
comparatively recently. Mud dredged from the ocean and preserved in alcohol was found 
to contain a gelatinous substance which was believed to exist in great masses in the depths 
of the ocean and to consist of undifferentiated protoplasm. Regarding it as an organism 
which represented the simplest form of life, Huxley, in 1868, named it Bathylnm { 0 advs 
deep, fitos life). About 30 years ago Mobius showed that this Bathybius was nothing 
more or less than calcium sulfate gel precipitated by alcohol added to the muddy sea 
water,” p. 202. 



NEW BOOKS 




156 

The author accepts the reviewer’s distinction between an ultra-filter and a semiperme- 
able membrane,” p. 274. 

”No ferrocyanide ion diffused through a certain ferrocyanide membrane into an isotonic 
sugar solution when the concentration was below i.o normal, and slightly alkaline water 
only was forced through a copper ferrocyanide ultrafilter from dilute solutions of potassium 
ferrocyanide. The explanation of this behavior is that copper ferrocyanide gel always 
contains adsorbed alkali ferrocyanide which is retained so tenaciously that the adsorption 
from moderately concentrated solutions may be regarded as almost irreversible. It is, 
therefore, strong negative adsorption by the adsorption complex which prevents the pass¬ 
age of both sugar and ferrocyanide ion through the membrane. As ordinarily prepared, 
one side at least of a copper ferrocyanide membrane is practically saturated with potassium 
ferrocyanide so that the positive adsorption is negligible from dilute solutions of the salt. 
The permeability of the membrane to relatively high concentrations of ferrocyanide ion is 
due to two facts: (i) the adsorption of ferrocyanide ion is not completely irreversible from 
strong solutions of potassium ferrocyanide and (2) the colloidal film is partially coagulated 
by the salt, opening up cracks at weak points in the membrane. The permeability of the 
membrane for a series of ions is in the order: chloride > sulfate > ferrocyanide, which is 
the reverse of the order of adsorption by the gel,” p. 283. 

The reviewer had not realized that Schwarz and Brenner had made out so good a case 
for the slow formation of a definite crystalline compound of alumina and silica in the wet 
way, p. 352. The author accepts, p. 354, the theory of plasticity outlined by Jenks in his 
Cornell thesis (1927). 

When a new edition of this book becomes necessary, the reviewer hopes that Fig. 7 will 
be made smaller, so that it will go cross-wise on the page. 

Wilder D. Bancroft. 


The Physics of Crystals. By Abram F. JoffL X 16 cm; pp. xi -f- 198. New York 
and London: McGraw-Hill Book Company^ 1928. Price: SS.OO. This book contains the 
lectures given at the University of California in 1927. The titles of the lectures are: elec¬ 
trical theory of crystal lattices; equilibrium in a crystal lattice; the elastic after-effect; the 
elastic limit; the mechanism of plastic deformation; strength; conduction of electricity 
through crystals; the specific conductivity; electrolysis of crystals; dissociation in quartz; 
condensed polarization charge in calcite; electronic conductivity; photoelectric effect of 
dielectrics; the problem of dielectric losses; breakdown of dielectrics by heat; breakdown by 
ionization; the highest electric field. 

”We believe that the unit of a crystal lattice is a system of electric charges and that no 
forces are to be expected other than electric and magnetic fields. We might see in a crystal 
a regular arrangement of smaller units than atoms, to wit, of positive nuclei and negative 
electrons. We must look for the minimum of energy of the whole system. The dimensions 
of the electrons and the nucleus are small relative to the distances between them. No more 
than the part of the space is occupied by these elements. The crystal, from this 
standpoint, is an empty space with small charged particles distributed at enormous dis¬ 
tances from each other. We believe that the quantum conditions inside the atoms are re¬ 
sponsible for the dimensions of the electronic orbits and thus for the uneconomical dis¬ 
position of space,” p. I. 

^Contrary to the elastic after-effect and elastic fatigue, the plastic deformation may be 
observed, however, in a single crystal such as rock salt, gypsum, zinc, aluminum, etc. The 
effect is readily perceived when a crystal of rock salt is heated to about 6oo®C. and bent 
or twisted. The plasticity of salt at this temperature reminds one of wax. Still the bent 
or twisted crystal remains transparent and seems to form a unit, holding together ^ finnly 
as the normal crystal. 'When released, however, it fails to return to the original form and 
remains curved. A cmwed crystal lattice maintained without external forces obviously 
contradicts the idea of a lattice consisting of an arrangement corresponding to a miniTnnm 
of potential energy. We may remark, of course, that a curved external shape is not neces- 
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sarily bound to a curved internal lattice, since, for instance, we may cut from a normal 
single crystal a piece of any desirable shape without influencing the internal structure,^’ p. 35. 

^The stress at which the first change in the X-ray picture appears corresponds to some 
irreversible destruction of the lattice and may be called the destruction limit. Further 
investigation has shown that the first irreversible slip does not always occur immediately 
after the limit is reached, and the following slips are separated by time intervals. The 
measured limit is, therefore, to some extent dependent on the velocity of loading. This 
error, however, becomes less and less as we go to higher temperatures. Even at room 
temperature this error may be reduced to i per cent for rock salt. 

“The existence of a definite limit has often been doubted. Experience with metals and 
glasses led to the opinion that everything flows more or less slowly. On this basis, a definite 
limit was considered unlikely. It is, of course, impossible to assert that a body docs not 
flow unless the term 'flow’ is limited by some minimum velocity. But we can state that at 
500°C. not the slightest change in the X-ray picture could be observed after 24 hours if the 
load is 2 per cent below the measured limit and that at a load exceeding the limit by 2 per 
cent the change may be noticed within one second. This means physically that the limit 
has a definite physical value, even if the practically measured value exceeds the theoretical 
limit corresponding to an indefinitely long time. 

“We further ascertained that the phenomenon depended on internal stresses and not 
on the size of the crystal. We chose crystals of the same crystallographic orientation but of 
different ratios of the cross-section to the ixirimeter. The limit measured at four tempera¬ 
tures between 20 and 6oo°C\ was always proiK)rtional to the cross-sectional areas and in¬ 
dependent of the perimeter. The limit was also the same for compression and tension. 
Rock-salt crystals of different origin, and consequently with different impurities, and with 
a surface treated in different ways—for instanc*e, dissolved in water, polished, cleft, etc.-- 
have all the same limit within 2 ^ler cent. We may conclude, therefore, that the destruction 
limit measured by X-rays has a definite physical significance,” p. 38. 

“The coincidence of the melting point ^ith the point where the destruction limit be¬ 
comes zero may be supposed to have a physical significanc'e, if we assume that the mechan¬ 
ism of fusion is equivalent to the same kind of destruction that is responsible for the limit 
at lower temperatures. When the slightest shear suffices to produce a destruction, the 
existence of a lattice becomes impossible and the heat absorbed by the crystal is applied to 
bring the atoms into a new form of equilibrium. Possibly this may explain why we do not 
know any example of superheated crystals while all other limits may as a rule be exceeded,” 
p. 40. 

“The destruction limit, as measured by the X-ray method gives the stress which pro¬ 
duces an irreversible change in the structure of a crj'stal. The crystal becomes pulverized 
and the small fragments slip and turn in a quite irregular manner, while they continue to 
adhere to each other. The process of plasticity does not affect the transparency of the 
crystal; consequently there are no holes of the dimensions of a wave length of light or more 
produced in the destruction. Furthermore, .the cohesion does not drop in value in a crystal 
so destroyed but, on the contrary, the rupture of a plastically deformed crystal requires a 
higher tension than for a single crystal. Thus, we must conclude that the separation in¬ 
volved in the plastic destruction does not exceed in magnitude the atomic distances. These 
conditions combined with the conditions for slip which is confined to one of the planes (i 10) 
only, and is limited to the direction of the shear, limit the irregularity of the arrangement 
of the fragments possible. The product of a plastic deformation after a compression or a 
tension is not like a compressed powder, but reminds one rather of a fibrous structure with 
a definite axis or a definite plane of symmetry. A complete recovery after such a destruction 
cannot be produced by an opposite deformation. The process involved in plasticity is 
irreversible, not only in the sense that the exerted work is transformed into heat, but also 
in the sense that, even by applying work in the opposite direction, we are unable to restore 
the initial state,” p. 44. 

“The tensile strength of single crystals is about five hundred times less than the calcu¬ 
lated maximum for the cohesive forces and rupture occurs before an essential deviation 
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from Hooke’s law can be noticed. Even the strength of plastically deformed crystals is 
forty times less than we should expect. If the electric theory is not wrong in its funda¬ 
mental assumptions, such a discrepancy should not exist. It is possible, however, that the 
usual phenomenon of ruptiuie by tension has nothing to do with the true cohesive force. 
We can easily see that a tearing rupture would require a much lower force than a simultane¬ 
ous rupture across the whole cross-section,” p. 59. 

”We were able to test Ohm’s law in crystals in regard to the relation between the current 
and the applied potential difference up to fields producing breakdown. Ohm’s law was 
thus checked for calcite, glass, and mica from a field of o.i volt per centimeter up to 5 X 10* 
volts per centimeter. Applying potentials increasing in an arithmetical progression for 
O.I sec. each, with time intervals of a few seconds between, we measured the corresponding 
currents by a string electrometer. These were photographed on a moving film and it was 
found that Ohm’s law held for fields as high as 5 X 10* volts per centimeter, if properly 
applied,” p. 79. 

^*We can thus state as a definite result of the measurements that (i) the data of the last 
coLumn of the table represent the true specific conductivUy of electrically pure ammonium alum 
crystals at the corresponding temperatures, 

”Analogous experiments were repeated with copper sulfate, sodium nitrate, potassium 
nitrate, and sodium chloride with the same result. A successive crystallization always 
leads to standard values of conductivity which are less than the conductivity of the original 
crystals. The following conclusions in addition to (1) may be drawn from these standard 
conductivities. 

2. The water of crystallization (12 molecules in ammonium alum and 5 molecules in 
CUSO4) has no influence on the conductivity. As a matter of fact, those crystals are as 
good insulators as the crystals of NaNOi which crystallize without water,” p. 84. 

“While all phenomena so far considered have been due either to ions of the crystal 
lattice or to ions of some contaminating substance, we shall now take up the phenomena 
which are due to the electrons liberated in the lattice of a dielectric crystal. In 1905, I 
happened to find the first instance of the electronic type of conductivity in such crystals, 
while studying the influence of Rdntgen rays upon the conductivity of various crystals. 
While the conductivity of quartz, calcite, and many other crystals increased distinctly 
under the unfluence of X-rays, the measurements on rock salt yielded utterly irregular and 
inconsistent results until I noticed that clouds covering the sun caused a diminution in the 
conductivity, in spite of the fact that the attempt to find an effect due to visible light on 
natural rock salt had failed completely. Rock salt first exposed to X-rays or radium rays, 
however, was found to become sensitive to visible light to such an extent as occasionally to 
increase the conductivity about 10* times the conductivity in dark. Rock salt thus sensi¬ 
tized to light by treatment with X-rays furthermore takes on a yellow-brown color indi¬ 
cating an absorption in the visible spectrum. This increase in conductivity by light will 
be shown to be due to electronic carriers,” p. 127. 

“Siedentopf was able to observe ultramicroscopic sodium particles both in the blue- 
colored rock salt produced by reduction at high temperature in hydrogen, and the natural 
blue rock salt. Although the brown crystals do not show particles of even ultramicroscopic 
size the analogy in the behavior leads one to suppose that neutral sodium atoms are also 
present in a stiU finer state of subdivision. The color is not due to any contamination, as it 
may be produced in the chemically purest crystals. It is brown for rock salt and violet 
for potassium chloride. 

“The influence of light may be explained by the well-known photoelectric properties of 
sodium and potassium. While a free surface of sodium in vacuum possesses a photoelectric 
wave length limit of about 5000A., the limit must be still lower for sodium parties in a 
medium of the dielectric constant 5.6 corresponding to rock salt. Thus, photo-electrons 
must be liberated by visible light from such atoms in the crystal treated by X-rays, and the 
electrons carry the electric current if they are mobile in the crystal lattice. 

“In fact we have evidence that the conductivity of the illuminated rock salt is due to 
electrons in contradistinction to the ionic conductivity of the normal crystals. While the 
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ionic conductivity decreases at low temperatures and becomes too small to measure for 
most dielectrics and especially for rock salt at liquid air temperatures, the conductivity 
produced by light is practically unchanged by a cooling to the liquid air temperature. It 
is thus more convenient to work at liquid-air temperatures as the normal dark conductivity 
of rock salt vanishes at those temperatures and the only current observed is that due to 
light,” p. 129. 

Wilder D, Bancroft 

The Discovery of the Rare Gases. By Morris W. Travers, pp. vii -h 128 . London: 
Edward Arnold and Co.^ 1928 . Price: 16 shillings. “Early last year Lady Ramsay and her 
daughter asked me to arrange Sir William Ramsay’s scientific papers, which had not been 
touched since his death in 1916. Among the papers was a complete series of laboratory 
notebooks, most of which contained little more than numerical data, with the briefest of 
descriptive notes. However, with the commencement of the work which led to the dis¬ 
covery of argon, the notebooks took on an entirely different character; experiments were 
described in detail, and were illustrated by accurate and vigorous drawings, made as the 
work proceeded. It seemed as if Ramsay had suddenly become aware of the historic im¬ 
portance of his work.” 

“It was at first my intention to annotate the notebooks, and then to draw up a summary 
of the contents, such as would enable the future historian of the chemistry of our times to 
make full use of them. Gradually my notes expanded, and, in the form of a manuscript 
volume, illustrated by photostatic reproductions from the notebooks themselves, it came 
into the hands of friends and colleagues, who insisted that the work should be published.” 

The above quotation from the author’s preface gives the raison d^itre for the publication 
of his book. The discovery of the rare gases was an event, or rather a series of events, which 
aroused the greatest enthusiasm among chemists and others at the time, although sceptics 
were not wanting. It is difficult for present-day students to visualise the conditions which 
then existed, although the time is not so very far back; and it is a matter of congratulation 
that Dr. Travers, who was so intimately concerned in the discoveries of Ramsay, was en¬ 
trusted with the task—^rather was it the pleasure—of telling the story of those days in a 
manner which was made possible only by his access to the original notebooks, and by his 
personal recollections. Controversial matters are handled very discreetly and sympathetic¬ 
ally. 

Some personal touches which have no direct connection with the subject are retained, 
since the work was not primarily intended for publication. They serve in many cases, 
however, to illuminate not only the personality of the author, but also that of Ramsay. 

It may be mentioned that there are several facsimile reproductions of Ramsay’s own 
sketches of apparatus used, and also of pages of his note books. 

The book should find a wide circulation, and for this reason it is to be regretted that 
more care was not taken in the proof reading. Misprints occur, the worst of them being 
the head of chapter X as “May and June, 1908; the date should have been 1898. At times 
the English of the author is capable of improvements, as may be instanced by the following 
sentence: “The chamber for the gas a, into which projects through a rubber stopper a piece 
of unglazed tobacco pipe stem sealed at the lower end in the oxyhydrogen blowpipe, con¬ 
nects through a rubber tube l "with the mercury reservoir i, through a cock e with a syphon, 
by means of which gas, stored over mercury in the tube n, and communicating with the 
Tfipler pump f, direct through the cock n, and through the porous pipe stem by the cock c.” 

T. Slater Price 

Atomic Structures as modified by Oxidation and Reduction. By William C. Reynolds. 
23 X 14 cm; pp» vi -f 128 . London: Longmans, Green and Co. Price: 7 shillings, 6 pence. 
To those who like unorthodox views this book can be thoroughly recommended. The 
author accepts “the Rutherford atom with its central positive charge, surrounded by 
extranuclear electrons in number equal to the figure indicated by Moseley’s rule”; but he 
says that “electrons moving in planetary fashion around central nuclei, or in Cassinian 
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curves about two, have yet to testify chemical consideration/’ Most of them, according 
to him, rotate in pairs or quartets about a few symmetrically placed centres outside the 
nucleus and they follow spiral paths round their orbits. Electrons are divided into three 
classes, Valence electrons. Potential Valence electrons and those in Radial quartets or 
pairs, the maximum number of potential valence electrons ever found in an atom being six 
and of valence electrons seven. Potential valence electrons can become valence electrons 
and vice-versa, while radial pairs can split up into a valence and a potential valence. Oxi¬ 
dation and Reduction, to which especial importance is attached, and chemical reaction 
generally are considered in such terms and electronic structures, which the author deems 
satisfactory, are attributed to all the elements, free use of assertion and assumption being 
made. Besides dealing with the constitution of matter the author also discusses that of 
the electron, the proton and the ether, the last chapter of 26 pages being devoted to this 
theme. 

H. Bassett 


Handboch der biologischen Arbeitsmethoden. By Emil Ahderhalden, Section 1 . 
Chemical Methodsf Part Second Halfj No. ^.25 X 18 cm; pp. 1 S 39 - 1968 . Berlin: Url)an 
and Schwarzenbergy 1928 . Price: S 2 marks. This volume is written by Franz Bach^r of 
Rostock and deals with ‘‘Chemical Reactions of Organic Compounds in Ultraviolet Light 
and in Sunlight.” The book is divided into a general and a special part. In the first the 
sub-heads are: photochemical reactions; the experimental set-up for investigations with 
short wave-lengths; and reacting mixture; the working up of the reaction products. In the 
special part the author discusses the photochemical behavior of hydrocarbons, alcohols, 
ethers, aldehydes, ketones, quinones. carbohydrates, acids, derivatives of the acids; acid 
nitriles; amino-compounds; substances with nitrogen in the ring, including the alkaloids; 
nitro-compoimds; nitroso-compounds; azoxybenzenes; halogen compounds; sulphur com¬ 
pounds; phosphorus compounds; chlorophyll; unsaturated compounds; oximes. There are 
also a few remarks on photochemical changes of dyes. 

The book is invaluable as a collection of facts and will be used as a starting point by 
everybody who is interested in this subject. Unfortunately it is nothing but a compilation 
of data. The author does not know at all why light acts as it does in any given case and 
apparently does not care. It seems almost incredible that anybody could have worked up 
this enormous mass of data without asking himself the why and wherefore of the reactions 
which he records. 

Wilder D. Bancroft 


Calculations in Physical Chemistry. By J. R. Partington and S. K. Tweedy. 18 X 12 
cm; pp. via -f 1 ^ 2 - London: Blackie and Son^ Ltd. Price: 7 shillingSj 6 pence. Of the value 
of problem work for students of physical chemistry there can be no doubt, and from this 
point of view the present volume will be found extremely helpful. The ground covered is 
indicated by the headings of the chapters:—^Thermodynamics, Characteristic Equations, 
Liquids and Solutions, Equilibrium, Electrochemistry, Nemst’s Heat Theorem. In each 
chapter, or in each section of a chapter, a number of problems are proposed for solution, 
while at the end of the volume a hundred miscellaneous exercises are added. At the be¬ 
ginning of each section there is a reasonable amount of theoretical introduction, and the 
question of units, which presents difficulties to many students, is expounded at appropriate 
points. In this connection it may be pointed out that the pressure of 10* dynes/cm.‘ which 
the authors term a ‘megabar’, is called a ‘bar’ by the International Meteorological Com¬ 
mittee. The volume can be warmly recommended to students of physical chemistry. 


James Philip 



THE POTENTIAL OF THE NICKEL ELECTRODE* 

BY M. M. HARING AND E. G. VANDEN BOSCHE** 

1 . Introduction 

That a careful revision of the standard potential of the nickel electrode 
is highly desirable will be evident from the following considerations. 

Nickel is one of the most important metals from the standpoint of the 
electroplating and electroforming industries. I'hcrefore the need for an ac¬ 
curate value of its electrode potential requires no comment. However, a 
review of the literature furnishes a multiplicity of values for the normal 
potentiaP of this element ranging from —0.138 to —0.621 volts^ calculated 
to the standard hydrogen electrode as zero.’^ 

Most of these values are based on work involving no special precautions, 
such as temperature control, purity of materials, oxygen-free conditions, 
etc. Futhermore, in practically every case, the solutions used were i.o.N., 
i.e., relatively concentrated, solutions of nickel salts, and the values reported 
for the electrode potential, so far as can be ascertained, were those actually 
measured in these i .0 N solutions. 

* Part of a thesis submitted by K. (i. Vanden Bosche in partial fulfillment of the re- 
(juirements for the degrees of doctor of philosophy in the graduate school of the University 
of Maryland. 

** Contribution from the Dohme Laboratory of Physical Chemistry of the University 
of Maryland. 

^ By normal potential we shall be understood to mean the electrode potential when the 
solution bathing the electrode contains one gram equivalent of the ion in question per liter 
of solution. 

2 Throughout this paper the sign of the electrode potential will be governed by the con¬ 
vention adopted by the Bunsen Gesellschaft, the American Electrochemical Society and 
the U. S. Bureau of Standards. That is, if we write the element Me/Mc’ and the elekrons 
tend to pass through the junction from right to left, the sign is negative. 

* Throughout this paper, unless otherwise specified, all electrode potent ial values will 
be based on the standard hydrogen electrode as zero. A standard electrode potential is 
defined as the potential developed by an electrode in a solution containing the ion in ques¬ 
tion at unit activity. 

We wish to take this occasion to protest against the careless and prevalent misuse of the 
terms standard electrode potential and normal electrode potential. The following exam¬ 
ples. culled at random from well known works of very recent date, will illustrate the existing 
confusion of thought in the matter. 

“Thus we shall define the normal electrode potential as that obtaining when the activities 
of the reacting substances are 

“W/icn the concentration of the ions is molalj the potential of any reversible electrode is 
called . . . the normal electrode potential.” 

“The normal electrode potential of a metal is the potential against a solution normal 
in respect to the metal ion” 

“The difference of potential at a reversible electrode, when the concentration of the ion^ 
of the electrolyte is molars is known as the normal electrode potential.” 

To avoid this confusion we have explicitly defined the two terms mentioned. We be¬ 
lieve the term “normal” used in connection with solutions, should invariably signify gram 
equivalents per liter of solution. 

Based on the standard hydrogen electrode the normal calomel electrode has been taken 
as having the value -f 0.2822 volts at 25®. (Lewis and Randall: “Thermodynamics,” page 
407.) This value has been used in reducing the literat\ire values to the hydrogen basis. 
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Gerke,^ in his critical review of the standard potentials of the elements, 
evidently does not consider the accepted value of nickel to have sufficient 
accuracy for inclusion in his tabulation, for it does not appear. Finally, 
some recent work by H. E. Haring* seems to indicate that the true electrode 
potential of nickel is somewhat more negative than the value of —0,198 volts 
accepted at present, 

2. Review of Literature 

Neumann® used a nickel amalgam electrode. This was prepared by plating 
nickel from a nickel chloride-boric acid solution, rubbing with mercury, 
plating again, and so on until a thick amalgam was obtained. His values were: 

1.0 N NiS04 —0.256 volt 
i.o N NiCh —0.258 volt 
i.o N Ni(N03)2 —0.218 volt 

Kiisteri studied the electrolytic separation of iron and nickel from solutions 
of their sulphates. He found that nickel began to be deposited from neutral 
1.0 N nickel sulphate solution at —0.521 volt. He believed this to be the 
true electrode potential of nickel. 

Siemens® used a nickel electrode polarized alternately, anodically and 
cathodically. He found the value —0.222 volt. 

Euler® pointed out that roughened nickel gave more nearly reproducible 
values than smooth nickel. He etched Kahlbaum’s nickel with sulphuric 
acid and electrolyzed a 1.0 N solution of nickel sulphate at a low current den¬ 
sity, using the etched nickel alternately as the anode and cathode. After 
this treatment, the electrode was allowed to stand for a few days before 
making measurements. With i.o.N nickel sulphate solution he obtained 
the value —0.184 volt and with 0.2 N nickel sulphate solution — 0.190 
volt. Assuming 1.0 N nickel sulphate solution to be o.ii N in nickel ions, 
he calculated the normal potential of nickel to be —0.178 volt. Using Mond 
nickel, he found the normal potential to be —0.184 volt. Euler pointed to 
the desirability of excluding air in such measurements but took no special 
precautions in this respect himself. He makes no mention of having worked 
at a controlled acidity. 

Muthmann and Fraunbergeri believed the true potential of nickel to be 
obtainable only in the absence of all passivizing influences. To realize this 
condition, they polarized their nickel with hydrogen in distilled water. Then 
the polarized electrode was rapidly transferred to a 1.0 N nickel sulphate 
solution for measurement. They found the value —0.601 volts. 

^ Chem. Rev., 1 , 377 (1925)- 

^ Trans. Am. Electrochem. Soc., 40 ; 209 (1924). 

®Z. physik. Chem., 14 , 215 (1894). 

^ Z. Electrochemie, 7 , 257 (1900). 

^Z. anorg. Chem., 41 , 249 (1904). 

^ Z. anorg. Chem., 41 , 93 (1904). 

Sitzungsber. Bayr. Akad. Wise., 34 , 201. 
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Schweitzer/ using as electrodes pure powdered nickel and nickel sheet 
in i.o N nickel sulphate solutions, and working in an atmosphere of hydro¬ 
gen, found potentials of —0.331 and —0.308 volt respectively. With a 
powdered nickel electrode and a i.o N solution of nickel chloride, he obtained 

— 0.314 volt. 

Pfanhauser^ found the value —0.237 volt, using a i.o N nickel sulphate 
solution. 

Schoch® made quite a comprehensive study of the electrode potential of 
nickel, and his value of —0.198 volt has been accepted rather generally up 
to the present time. He worked in vacuo and also in an atmosphere of nitro¬ 
gen so as to remove the influence of oxygen and other gases. The electrodes 
UvSed were commercial sheet nickel, Kahlbaum^s electrolytic nickel, an elec¬ 
trolytic nickel of his own preparation, and powdered nickel (made by heat¬ 
ing Kahlbaum’s nickel nitrate, followed by redu^ition with hydrogen). The 
electrol3die was a solution of 1.0 N nickel sulphate. The powdered nickel, 
which must have contained some adsorbed hydrogen, gave a potential of 

— 0.308 volt after standing 36 hours. On subsequent boiling out to remove 
this hydrogen, the potential became —0.240 volt. The interpretation of 
this experiment is complicated by the fact that nickel, reduced from its oxide 
by hydrogen, is strongly pyrophoric. Such nickel nearly always contains a 
little oxide. With the other electrodes, Schoch obtained values ranging 
from —0.183 to —0.205 volt. Spong>’^ electrolytic nickel showed —0.238 
volt even after standing. To show the effect of hydrogen on the potential 
of nickel, he boiled a piece of sheet nickel in concentrated NaOH solution 
and then placed it in concentrated HCl for the same length of time. The 
electrode was then carefully rinsed in distilled water and placed in the 1.0 N 
nickel sulphate solution for measurement. A value of —0.593 volt was oh- 
tained. Nickel sheet, over which hydrogen was bubbled while immersed in 
1.0 N nickel sulphate solution, gave a value of —0.338 volt. On boiling out 
and standing for three weeks, this value dropped to —0.198 volt. Schoch 
therefore concluded that —0.198 volt was the tme reversible potential of 
nickel. Nickel in contact with 1.0 N nickel chloride solution, gave the value 

— o. 138 volt. 

Smits and de Bruyn,'* on the basis of the theory of electromotive equilib¬ 
rium developed by Smits^; came to the conclusion that when the potential 
of nickel is measured in an acid solution, in an atmosphere of hydrogen, the 
result should be dependent on the hydrogen ion concentration of the solution 
and should be equal to the potential of a hydrogen electrode in the same 
solution. They measured the potentials of nickel and hydrogen electrodes 
in a solution saturated with hydrogen, and found that the potentials of both 
electrodes became constant at —0.640 volt. Later they measured the 

^ Z. Elektrochemie, 15 , 607 (1909). 

*Z. Elektrochemie, 7 , 698 (1901). 

’ Am. Chem. J., 41 , 208 (1909). 

^Proc. Acad. Sci. Amsterdam, 20, 594 (1918). 

‘‘‘Theory of Allotropy,p. 325. 
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potential of a nickel wire in a i.o N nickel sulphate solution (oxygen and 
hydrogen having been removed by evacuation and boiling) and found the 
value —0.198 volt, in agreement with that of Schoch. The present study 
has shown that nickel of this form, even with careful evacuation and boil¬ 
ing, becomes coated, after standing a short while, with what is apparently 
a black oxide. It is not at all inprobable that the potential obtained by both 
Schoch and by Smits and de Bruyn may have been affected by this oxide. 

Thompson and Sage,^ using spongy nickel made by electrolyzing 0.5 N 
nickel chloride solution at 90°, obtained the value —0.390 volt with neutral 
molal nickel sulphate as the electrol3rte. Spongy nickel, made by electro¬ 
lyzing at 20° a solution consisting of 60 grams, NiS04.6H20, 20 grams, 
(NH4)2S04 and 40 cc. concentrated NH4OH per liter, showed a potential of 
— 0.295 volt against the sapie electrolyte as that used in the first experiment. 
No special precautions were taken to remove air or hydrogen. 

Very recently Murata^ published his work on the electrode potential of 
nickel. He reduced NiO (made from purified Ni(N08)2) with hydrogen at 
300° in the electrode vessel itself. The latter was then filled with 0.05 or 0.005 
M nickel sulphate solution in an atmosphere of hydrogen. This solution had 
been freed of air previously by prolonged passage of hydrogen through it. 
The reference electrode was a o.i N calomel electrode with saturated KCl salt 
bridge. Four cells were studied, two each at the two different concentrations. 
The potentials measured were fairly constant and reproducible over a period 
of 60 hours. Measurements were made at 18° and 25°. E© at i8° was found 
to be —0.249 volt and at 25® —0.248 volt ±0.002 volt (based on individual 
ion activities) or—0.251 and —0.250 volt (based on ion concentrations from 
conductivity measurements). Murata claims to have shown (details in a 
paper to appear shortly) that hydrogen has no effect on the potential of 
nickel. 

In connection with this work, the following comments seem justified. 
Such reduced nickel must have contained a great deal of adsorbed hydrogen. 
The experience of other investigators, as well as our own, points to the 
marked influence of hydrogen on the electrode potential of nickel. Nickel 
powder produced by this method is very active catalytically. There is at 
least a reasonable doubt that such active nickel may not represent the most 
stable form. A liquid potential was present in the cells studied. Although 
a KCl salt bridge reduces this, it does not remove it.® 

No attempt was made to correct for this potential. Only two cells were 
studied at each concentration of electrolyte. This was certainly too small 
a number on which to base a claim of reproducibility. Finally, the activity 
coefficients used were those of individual ions. Our present knowledge of 
these values scarcely warrants their use in the calculation of precise potentials. 


^ J. Am. Chem. Soc., 30 , 714 (1908). 

* Bull. Chem. Soc., Japan, 3 , 57 (1928). 

^Lewis and Randall: “Thermodytiamics,” page 399. 
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The literature reveals many other conflicting values and opinions. Thus 
Bonsdorff* states his inability to obtain a reproducible electrode. Coffetti 
and Foerster^ found that nickel was deposited from a 1.0 N nickel sulphate 
solution at a cathode potential of —0.621 volt. They incline to the value 
found by Muthmann and Fraunberger (loc. cit.) 

Schildbach,® while working on the potential of cobalt, assumed the poten¬ 
tial of nickel to be —0.198 volt. Glasstone,^ working on the overvoltages 
found in electrodepositing iron, nickel and cobalt from solutions of controlled 
acidity on a copper cathode at 15° concluded that nickel began to be de¬ 
posited at a cathode potential of about —0.288 volt, and that this was nearly 
independent of the hydrogen ion concentration. 


For convenience the values discussed above are collected in Table I. 
Unless otherwise specified, the electrolyte is understood to be NiS()4, the 
electrode non-polarized and the temperature that of the room. 


hivestigator 

Table 1 

“Normal” 

potential 


Comments 

Neumann 

—0.256 volts 



— 0.258 

yy 

NiC'b solution 


— 0.218 

yy 

Ni(N 03)2 ” 

Kuster 

— 0.521 

yy 

Electrolysis meas¬ 

Siemens 

— 0.222 

yy 

urements 

Euler 

— 0.178 

yy 



— 0.184 

yy 


Muthmann and Fraunberg(T 

— 0.601 

yy 

Electrode polarized 

Schweitzer 

d 

1 

yy 

cathodically 


-0 308 

yy 



-0.314 

yy 

NiClo solution 

Pfanhauser 

-0.237 

yy 


Schoch 

— 0.198 

yy 


yy 

-0.138 

yy 

NiCl2 solution 

Smits and de Bruyn 

00 

d 

1 

yy 


Thompson and Sage 

-0.390 

yy 


yy yy yy 

-0.295 

yy 


Coffetti and Foerster 

— 0.621 

yy 

Electrolysis 

Glasstone 

— 0.288 

yy 

measurements 
at 15° 

Murata 

-0.250 

yy 

at 25° 

yy 

— 0.251 

yy 

at 18° 


^ Akad. Abhandl. Helsingfors, S 17 (1904). 
* Ber., 38 , 2934 (1905). 

*Z. Elektrochemie, 16 , 977 (1910). 

^ J. Chem. Soc., 1926 , 2887. 
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In comparing the values given above, one should keep in mind the fol¬ 
lowing factors. Few of the values given in the literature have been calculated 
on the basis of a solution i.o N in nickel ions. Assuming i.o N nickel sul¬ 
phate to be ionized to the extent of 31% (as are other salts of this type) the 
values given for potentials obtained in i.o N nickel sulphate solutions should 
be about 0.015 volt more positive. As a matter of fact, neither the activity 
nor the ion concentration (determined from conductivity measurements) 
being accurately known for such concentrated solutions, it is not really worth 
while to make the calculation mentioned. Liquid junction potentials, ignored 
in much of the work quoted, add their item of uncertainty. Nickel is a very 
stiff metal and therefore measurements made on any but finely divided nickel 
are apt to be affected by errors due to strain. Oxygen very certainly pro¬ 
duces results that are too positive. Hydrogen, just as certainly, produces 
results that are too negative. In few cases were adequate precautions taken 
to insure absence of these gases. Finally, since nickel can displace hydrogen 
from an acid by immersion, any free acid in the electrolyte will tend to vitiate 
the results of the potential measurements. 


3. Theoretical Discussion 


The cell used in this research 


Ni 1 NiS 04 (x n,olal) 1 Hg 2 S 04 | Hg 

involves no liquid junction. When it operates to produce two faradays of 
electricity, the reaction occurring is 

Ni + Hg2S04 NiS04 + 2 Hg. 

The equation connecting the E.M.F. of the cell with the activities of its 
components is 


E = Eo 


RT aNiBo» 

2F aNi aHgiS04 


(i) 


Nickel, mercurous sulphate, and mercury, being in their standard states (i.e., 
solid, solid and liquid respectively at 25^0 and under one atmosphere pres¬ 
sure) are at unit activity. Consequently equation (i) simplifies to 


XT RT , 

Jb = ii.o —^ in aNisoi 

But by convention aNi804 = aNi" aso " and a ± == 7m. 


(2) 


Hence equation (2) becomes 

E = Eo - ^ In (7m)*, (3) 

Which at 25°C and for Briggs logarithms simplifies to 

E = Eo 0.05912 log 7m. . (4) 

By the use of equation (4), the measured E.M.Fs. can be calculated to 
Eo for the cell. Combining Eo for the cell with the Eo value for the reference 
electrode gives at once Eo for the nickel electrode. 
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There appeared to be a possibility that the accepted value for the potential 
of nickel might be low due to the presence in the electrolytes used of ions of 
metals more positive than nickel, e.g. copper. Nickel would displace a more 
positive metal from solution by immersion and, if the displaced metal coated 
over the nickel electrode in a layer even one molecule thick, would tend to 
show a potential more positive than its standard value. If the coat were 
impervious (a very extreme and improbable case) the potential exhibited 
would be that of the coating metal against its own ions. To investigate this 
possibility, it was decided to attempt the removal of such impurities by 
fractional electrolysis. It should be possible to do this by electrolyzing at a 
cathode voltage equal to the static potential of nickel, (i. e. the voltage ex¬ 
hibited by a nickel electrode against the solution in question when no current 
is flowing.). However, nickel is more negative than hydrogen, and so hydro¬ 
gen will be discharged in the process, although probably at a pressure less than 
one atmosphere. This would reduce the efficiency of electrolysis with re¬ 
spect to the impurities in question. To improve this efficiency, hydrogen, 
at a pressure of one atmosphere, might be bubbled over the electrode (which 
should be of platinized platinum), thereby making it more difficult for hy¬ 
drogen ions to be discharged. The use of a cathode of a metal having a high 
hydrogen overvoltage, e.g. mercury, should likewise improve the efficiency 
of purification. Mechanical difficulties with the latter method of purification 
made it desirable to try the first method of purification. 

4. Experimental Details 

a. Preparation of Materials. 

Water. This was the best product of a Barnstead still. It had a pH of 
about 6.9. 

Nickel sulphate. A considerable quantity of high-grade nickel sulphate 
was thrice recrystallized at room temperature. The product was rcdissolved 
to make a 2.0 N solution and shaken with Ni(OH)2 for a day. By this means 
the pH of the solution was automatically adjusted at 6.8. From the clear 
supernatant liquid, the more dilute solutions used in this work were prepared. 

A 2.0 N nickel sulphate solution, made from that just discussed, was 
electrolyzed for 200 hours at a cathode voltage equal to the static potential 
of nickel in the solution named. The cathode was of platinized platinum and 
was kept saturated with hydrogen. 

Nickel sulphate was also prepared by the electrolysis of dilute sulphuric 
acid, using an anode of Mond nickel and a cathode of platinum foil. The 
salt so obtained was further purified by recrystallization, then made up to a 
2.0 N solution and shaken with Ni(OH)2 as described. 

Nickel hydroxide. A solution of the recrystallized NiS04 was treated 
with a dilute NaOH solution until precipitation was complete. The precipitate 
was washed by decantation until the washings were neutral and sulphate free. 
It was then sucked to a paste on a Buchner funnel and preserved in a glass 
stoppered bottle. 
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Plating solution. The nickel plating solution was one commonly used 
in the electroplating industry. It was i.o N in NiS04, 0.25 N in NH4CI and 
0.25 M in H3BO3. 

Nickel chl(yrid^. This salt was made by electrolyzing a dilute HCl solu¬ 
tion, using a Mond nickel anode and a platinum foil cathode. The solution 
so obtained was evaporated to dryness to remove the excess HCl. The residue 
was thrice recrystallized at room temperature. The purified salt was then 
made up to a 2.0 N solution and agitated with Ni(OH)2 as usual. (This Ni 
(0H)2 had been made from NiCU instead of NiS04). 

Nickel, Nickel from five different sources was used in this research, 

1. This was a pure nickel wire obtained in the open market. 

2. This was nickel plated on platinum under varying conditions. 

3. This was thin electrolytic sheet nickel obtained from the Bureau of 
Standards. It had been stripped off of brass sheet. 

4. This was the finely divided nickel that was used for all except pre¬ 
liminary measurements. It was prepared by electrolysis at high current 
density from the plating solution described above. Prior to electrolysis, the 
solution was boiled under reduced pressure so as to remove as much oxygen 
as possible. Electrolysis was carried out at 70° with.a current of 1.6 to 2.0 
amperes. A number 24 B. and S. gauge platinum wire about 8 mm. long 
served as the cathode and a considerably longer platinum wire as the anode. 
Merely touching the cathode with a glass rod served to detach the fluffy 
masses of nickel that formed there. These masses invariably crumbled to 
an extremely fine powder as they fell through the solution. The nickel so 
prepared was thoroughly washed with some of the solution on which measure¬ 
ments were to be made, and was then allowed to stand in some of the same 
solution for two days before being introduced into the electrode vessel. 
These solutions were always well boiled out before being allowed to touch 
the nickel. The nickel itself was never exposed to the air. Whenever trans¬ 
fers from one vessel to another were necessary, they were carried out very 
rapidly and the nickel was kept completely immersed in the boiled out solu¬ 
tions. Electrolysis of a pure i.o N nickel sulphate solution invariably gave a 
greenish deposit,—probably Ni(OH)2 mixed with the nickel. Such deposits 
could not be used. The plating solution yielded nickel deposits free from 
such contamination. 

5. This was a nickel amalgam prepared by electrolyzing a 1.0 N nickel 

sulphate solution for one hour ^t a current density of about $ amps./dem.^ 
The cathode was pure mercury and the anode a platinum wire. The amalgam 
so formed always separated into three parts,—a liquid portion, a putty-like 
portion and a finely divided solid portion that was apparently pure nickel. 
These amalgams were washed with water and kept under water for four 
days before use. • ^ 

Mercury, The mercury used was purified according to the method of 
Hulett and Minchin.^ Ordinary laboratory mercury was passed several 


1 Phys. Rev., 21 , 388 (1905). 
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times through a long column of i.o N HNO3 and 0.5 N Hg2(N03)2 solution 
in the form of a fine spray. This washed mercury was then distilled several 
times in a current of air under reduced pressure in an apparatus made in one 
piece of Pyrex. 

Mercurous sulphate. This salt was prepared according to the method 
described by Hulett.^ i.o N H2SO4 solution was electrolyzed at a current 
density of 0.9 amps./dcm.,^ using a platinum foil cathode and a pure mercury 
anode. The mercury surface was kept clean by a rotating glass arm. The 
product was preserved under 1.0 N H2SO4 solution in a glass stoppered bottle 
in the dark. Before use it was thoroughly wavshed until free of acid. 

Mercurous chloride. This salt was 
prepared by the method of Lipscomb and 
Hulett.- The apparatus and technique ^ 
were exactly similar to that employed for ^ 
the Hg2S04, save that 1.0 N HCl solu¬ 
tion was used as the electrolyte. The 
calomel so prepared was washed until 
free of H('l, after which it was preserved 
in a glass stoppered bottle in the dark. 

Hydrogen. The hydrogen used in the 
electrolytic purification of the NiS()4 solu¬ 
tion was prepared in an electrolytic gen¬ 
erator similar in all details to the one 
described by Clark."^ 

b. Apparatus. 

For the potential measurements, a Leeds and Northrup student poten¬ 
tiometer, lamp and scale galvanometer (sensitive to 0.025 microamperes) and 
an Eppley standard cell were used. The standard cell was carefully compared 
with a Bureau of Standards cell and its value found to be correct as stated. 
All volumetric apparatus and weights were carefully calibrated. An air 
thermostat adjusted to 25° ± 0.5® was used. The thermometer had been 
calibrated by the Bureau of Standards. The same electrode vessels were 
used for both reference and nickel electrodes. A half cell, with its filling de¬ 
vice, is shown in Fig. i. (Illustrated and described under “d. Procedure.'’) 

c. Preliminary studies. 

A considerable number of cells were studied by way of orientation as to 
type of vessel, electrode material, technique, etc. A normal calomel electrode 
was used throughout the preliminary work as the reference electrode. The 
saturated KCl salt bridge used was of the type described by H. E. Haring.^ 
The other half cell was similar to that described by Smits (loc. cit.) and was 

1 Phys. Rev., 32 , 257 (1911). 

® J. Am. Chem. Soc., 38 , 21 (1916). 

* ‘The Determination of Hydrogen Ions,” 3rd Ed. page 350. 

* Trane. Am. Electrochem. Soc., 49 , 417 (1926). 
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Table II 

Preliminary Measurements 
Time in Days 


Cell 

I 

2 

3 

4 

6 

8 

10 

12 

I 

•451 

•457 

• 463 






2 

•452 

•457 

.460 






3 

.444 

•445 

•458 






4 

•453 

.468 

•471 


•474 

•475 



5 

•492 

.516 

•517 


■512 

• 510 



6 

•493 

•517 

.521 


•523 

• 522 



7 


.400 



•457 


• 463 


8 

•435 

• 452 



•452 


.468 


9 

•445 

• 458 



.467 


.468 


10 

.460 

• 470 



•472 


.468 


II 


•545 



•557 



•555 

12 


•539 



• 542 



•535 

13 

•525 


•525 






14 

•523 


•523 






IS 


•571 

•577 


•577 



•577 

i6 


•587 

•589 


•591 



•591 

17 


.520 


.520 


• 544 



i8 


•530 


•542 


•543 



19 


•540 


•541 


• 545 



20 


•553 



•550 



•552 

21 


•565 



•563 



.561 

22 


• 565 



•563 



.t;6i 

CeU 

15 

18 

20 

22 

24 

30 

35 

48 

I 








•455 

2 








•451 

3 








.460 

4 








•470 

5 








.502 

6 








• 492 

7 


• 452 


.471 

• 465 




8 


.469 


.470 

• 472 




9 


.469 


• 470 

• 472 




lO 


•471 


.471 

• 472 




II 


•555 

•556 


•555 

•552 

•552 

•550 

12 


•532 

•530 


.526 

• 518 

•523 

.500 

13 






•532 


•532 

14 






•531 



IS 


•577 

•576 . 


•574 




i6 


.586 




•576 



17 

•546 

•550 



•550 

• 5 SI 



i8 

•542 

• 544 



• 542 

• 544 



19 

•545 

•547 



•547 

•547 



20 


•555 



•555 

•SS 7 


A 

21 


■ 560 



•556 

•556 

•557 

•555 

22 


.560 



•556 

•554 

•556 

•550 
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filled according to his procedure. Nickel electrodes from various sources were 
used, but the electrolyte, with the exception of that used in cells Nos. 5 and 6, 
was i.o N nickel sulphate solution, purified and adjusted for acidity as de¬ 
scribed. Measurements were continued for many days,—in some cases for 
nearly seven weeks. The results are displayed in Table II. All values re¬ 
corded in this table are those actually obtained from the measurements, i.e. 
they are really half-cell potentials if we take the normal calomel electrode 
as zero. 

The electrodes of cells Nos. i, 2, 3, and 4 were nickel wire. The wires 
were inserted directly through the rubber stoppers of the cells. The elec¬ 
trodes of cells Nos. 5 and 6 were thin electrolytic sheet nickel that had been 
exposed to the air for some time. Previous to use, the metal was polished with 
pumice powder and thoroughly washed. Strips of it were inserted between 
the rubber stoppers and the walls of the electrode vessels. The electrolyte 
in these two cases was the plating solution mentioned above. To it had been 
added sufficient NaOH solution to bring the pH to 6.8, i.e. the precipitation 
point of Ni(OH)2 from a i.o N nickel sulphate solution. The electrode of 
No. 7 was made by sealing a piece of the thin electrol5rtic sheet into a glass 
tube and inserting this through the stopper. The electrodes of cells Nos. 8, 
9 and 10 consisted of the nickel amalgam. No. 8 contained the liquid por¬ 
tion, No. 9 the putty-like portion and No. 10 the finely divided solid portion. 
(Contact was made in the usual manner through a platinum wire sealed into 
a glass tube. 

The electrodes of cells Nos. it, 12, 13 and 14 consisted of platinum foil, 
thinly plated with nickel from the plating solution at a current density of 
about 1.5 amps./dcm.2 Nos. ii and 12 were washed and boiled in water and 
then allowed to stand in 1,0 N nickel sulphate solution for two days previous 
to use. Nos. 13 and 14 were allowed to stand in distilled water, exposed to 
the air, for several days before use. After 30 days, No. 11 was made the anode 
in electrolysis so that oxygen was discharged on the nickel and No. 12 was 
made the cathode so that hydrogen was discharged. Oxygen apparently did 
not affect the potential but hydrogen caused a change of 0.515 volts for just 
a short time. After 30 days. No. 14 was opened for just an instant. Its 
potential immediately dropped to 0.450 volts, showing the effect of air. When 
opened for just a second or two longer, it dropped still farther to 0.350 volts. 
The electrodes of Nos. 15 and 16 consisted of a “tree^^ of nickel plated on a 
small platinum wire from the plating solution. No. 15 was washed and used 
at once while No. 16 was kept in water for two weeks previous to use. 

The electrodes of cells Nos. 17 to 22 inclusive consisted of a small plati¬ 
num wire, plated with nickel, completely covered with the finely divided 
nickel described above. The pulverulent nickel for cells Nos. 17, 18 and 19 
was allowed to stand in contact with 1.0 N nickel sulphate solution for four 
days before filling the electrode vessels. The powdered nickel in No. 20 was 
used as soon as made. The electrode material in Nos. 21 and 22 was allowed 
to stand in contact with 1.0 N nickel sulphate solution for two days prior 
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to filling the cells. After 28 days No. 22 was emptied and refilled with fresh 
N-NiS04 solution. 

The table shows clearly the marked influence of the method of preparation 
of the electrode, its history, presence of air or hydrogen, etc. It is especially 
noteworthy that cells Nos. ii to 22 inclusive, all of which had electrodes of 
electrolytic nickel of some variety, show quite noticeably higher values than 
Nos. I to 10. In the case of cells used immediately after plating the elec¬ 
trodes, the potential given may have been affected, to some extent, by hy¬ 
drogen, but it is highly improbable that nickel, which has been exposed to 
the air, or which has been allowed stand in contact with water or nickel 
sulphate solution, would still contain hydrogen in sufficient amount to ac¬ 
count for such consistently high values. In the case of the amalgam elec¬ 
trodes, it is probable that air was not entirely excluded, for they took a long time 
to reach equilibrium and the values rose steadily. The rapid attainment of 
equilibrium and the reproducibility of those cells utilizing the finely divided 
nickel electrodes was so marked, that it was decided to use such electrodes 
exclusively in the final measurements. 

d. Procedure. 

Some of the solution to be studied, previously boiled out, was poured into 
A and G (Fig. i). 

A is a 2 X IS cm. test tube with side arm and mercury contact arm sealed 
on as shown. B is a solid rubber stopper carefully sealed in with Khotinsky 
cement. C is a #24 B. and S. gauge platinum wire sealed in through the 
bottom of A. The end inside A is nickel plated. D is the finely divided nickel. 
E is a 600 cc. beaker filled with water. F is a short piece of very carefully 
cleaned suction tubing. G is a 200 cc. Pyrex distilling flask with sealed in 
connection as illustrated. H is connected to a good water jet pump. 

The fine nickel, carefully washed with the boiled solution, was rapidly 
transferred in the manner described previously to A and the stopper B at 
once sealed in. Sufficient nickel was introduced to cover the nickel plated 
platinum wire C completely. Connection between A and G was made by 
means of F. H was connected to the pump and a vacuum produced. At the 
same time the liquid in A and G was made to boil vigorously by heating E and 
G. When boiling had continued for some time, the vacuum was broken 
beyond H. The liquid in G immediately rushed up into A, filling it completely. 
This procedure effectually removed all hydrogen and air. When cool, F was 
removed from A and the outlet tube of the latter placed immediately in a 
beaker of the same solution. A quantity of the purest mercury had been 
placed in the bottom of the beaker and the outlet of A dipped into this, thus 
effectually sealing A from the air. The outlet of the reference electrode also 
dipped below this mercury. To make measurements, it was only necessary to 
raise both half cells slightly so that they communicated through the solution. 

The reference electrodes were mercury-mercurous sulphate electrodes 
with the particular nickel sulphate solution under investigation (saturated 
with mercurous sulphate) as the electrolyte. They were filled in the manner 
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usual with such electrodes. Several of these electrodes were made at the same 
time for each concentration and they invariably checked within 0.000 r volt, 
both immediately and during the whole experiment. After assembly, the 
cells were kept in the darkened thermostat during the whole period of the 
experiment. The mercury seal was broken only for the very short periods of 
time required for the f].M.F. measurements. 

Since boiling affected the concentration of the various nickel sulphate 
solutions, they were always analyzed after the equilibrium potential had been 
determined. A volume of solution equivalent to 0.2 to 0.3 grams of nickel 
was taken and analyzed according to the electrolytic method described by 
Treadwell and Hall.^ This method proved very satisfactory. Completion 
of electrolysis was always proved by the use of dimethylglyoxime. Molalities 
(mols salt per 1000 grams water) being desired in this work rather than nor¬ 
malities, it was also necessary to determine the density of each solution. 
This was done by constructing a graph of densities plotted against normalities 
ranging from 0.05 N to i.oo N. I^ndolt-Bornstein^ furnished a few values. 
The balance were determined with the aid of a 50 cc. pyknometer at 2 5°/4°. 
Table III gives the density values, all of which fall on a very smooth curve. 

Table III 


Density of NiS04 Solutions. 


Normality 

25/4 

Source 

0.050 

I.0010 

f^xperimental 

0.100 

1,0051 

Experimental 

0.125 

I.0067 

Landolt-Bomsteiii 

0175 

I.0109 

Experimental 

0.200 

I.0132 

Experimental 

0.250 

1,0168 

Landolt-Bornstein 

0.300 

1.0209 

Experimental 

0.500 

I.0360 

Landolt-Bornsetin 

I 000 

1,0741 

Landolt-Bornstein 


5. Data 


The data are 

exhibited in the tables following. 

To calculate Eo it was 


necessary to know the activities of the various nickel sulphate solutions. No 
data were available from which the activity coefficients could be calculated. 
The values for CUSO4 at the same concentrations were assumed, therefore, 
to be approximately correct. (As with the densities, a graph was constructed 
from which the desired values could be read off.) The data were taken from 
Lewis and RandalFs ‘Thermodynamics^’ (loc. cit. pages 344 and 362). The 
justification for this procedure was three-fold. First, bi-bivalent salts as a 
class have nearly the same activities at the same concentrations. Thus Lewis 
and Randall, (loc. cit) give values for several salts of the type MeS04, where 


^ “Analytical Chemistry,” Fifth Edition, Vol. 2, page 138. 

® “Physikalische-Chemische Tabellen,” ilfth F^dition, Vol. i, page 410. 



174 


M. H. HABINO AND E. 6 . VANDEN BOSCHE 


MeS 04 stands for Mg, Zn, Cd or Cu sulphates. These are practically uniform 
throughout the class, especially for the more dilute solutions such as were 
used. Second, Hampton* assumed the activity coefficients of FeCU to be 
similar to those of BaClg. The results justified his assumption. Third, the 
constancy of the Eo values tabulated below, based on the assumption men¬ 
tioned, is perhaps the best evidence that nickel sulphate acts similarly to 
salts of the type MeS 04 . 

Table IV gives the data for cells where recrystallized nickel sulphate was 
the electrolyte. 


Table IV 

Recrystallized NiS 04 as Electrolyte. 


Cell No. 

Molarity 

Malality 

Calc. 

E.M.F. 

Measured 

y 

Calc. 

26 

0.0507 

0.0508 

0.968 

0.215 

0.852 

27 

0.0510 

0.0511 

0.968 

0.214 

0.852 

28 

0.0503 

0.0504 

0.967 

0.215 

0.852 

29 

0.0505 

0.0506 

0.968 

0.215 

0.852 

30 

0.0515 

0.0516 

0.968 

0.213 

0.852 

31 

0.1016 

0.1018 

0.958 

0.157 

0.852 

32 

0.1050 

0.1052 

0.958 

0.154 

0.852 

33 

0.1015 

0.1017 

0.958 

0.157 

0.852 

34 

0.1018 

0.1020 

0.958 

0.156 

0.852 

35 

0.1022 

0.1024 

0.958 

0.156 

0.852 

36 

0.1501 

0.1504 

0.954 

0.129 

o .?53 

37 

0.1613 

0.1617 

0-954 

0.120 

0.852 

38 

0.1540 

0.1543 

0-953 

0.127 

0.852 

39 

0.1540 

0.1543 

0.952 

0.127 

0.851 

40 

0.1516 

0.1519 

0.953 

0.128 

0.852 

41 

0.1500 

0.1503 

0.953 

0.129 

0.852 


Table V gives the data for cells where the nickel sulphate was prepared 
from Mond nickel. 


Table V 


NiS 04 from Mond Nickel as Electrolyte. 


Cell No. 

Molarity 

Molality 

Calc. 

42 

0.0511 

0.0512 

43 

0.0508 

0.0509 

44 

0.0510 

0.0511 

45 

0.0503 

0.0504 

46 

0.0505 

0.0506 


E.M.F. 

Measured 

7 

Calc. 

0.967 

0.214 

0.851 

0.967 

0.215 

0.851 

0.967 

0.214 

0.851 

0.967 

0.215 

0.851 

0.967 

0.215 

0.851 


Table VI gives the data for cells where the electrolyzed nickel sulphate 
was the electrolyte. 


‘ J. Phys. Chem., 30 , 980 (1926). 



THE POTENTIAL OF THE NICKEL ELECTRODE 175 

Table VI 



Electrolyzed NiSOi 

as Electrolyte. 



Cell No. 

Molarity 

Molality 

E.M.F. 


Ko 


Calc. 

Measured 

y 

Calc. 

47 

0.0514 

0 

0515 

0.970 

0.213 

0.854 

48 

0.0514 

0 

0515 

0.968 

0.213 

0.852 

49 

0.0503 

0 

0504 

0.969 

0.215 

0.853 

50 

0.0506 

0 

0507 

0.971 

0.215 

0.855 

SI 

0.0524 

0 

0525 

0.971 

0.212 

0.854 

Table VII is given to show the rapidity with which equilibrium is reached 

and the constancy with which it is maintained. 






Table VII 





C'hange of Potential with Time 






Time in Days 



Cell 

I 

2 

4 

6 

12 

18 

36 

0.952 

0-954 

0.953 

0.953 

0.953 

0.952 

37 

0.951 

0.953 

0.954 

0.954 

0.954 

0.952 

3 « 

0.952 

0-953 

0-953 

0.953 

0.952 

0.951 

39 

0.947 

0.952 

0.952 

0.953 

0.952 

0.951 

40 

0.950 

0.953 

0.953 

0.953 

0.953 

0.952 

41 

0.952 

0.953 

0.953 

0.953 

0.953 

0.953 


The measurements given represent only a part of the total number made. 
Thus five other cells were studied, using recrystallized nickel sulphate solution 
(0.0625 molar) as the electrolyte. These gave a value for E of 0.966 volts =h 
o.ooi volt. This is in excellent agreement with the values in Table IV. Other 
colls were measured using 0.15 molar solutions. Their values also agreed to 
± 0.002 volts with the average value for cells with an electrolyte of the con¬ 
centration mentioned. Twelve other cells, containing 0.05 molar electrolyzed 
nickel sulphate solution, were measured. The potentials of all of them fell 
within the limits of Table VI. Accidents, lack of time, etc. prevented the 
determination of the nickel content after equilibrium was reached, and so 
Eo could be calculated for none of the cells just mentioned. 

The mean value of E© for cells Nos. 26 to 51 inclusive is 0.852 volts. Lewis 
and Randall (loc. cit. page 407) give 0.6213 volts at 25° as the value of E© for 
the electrode Hg/Hg2S04(S)/S04", based on E© for hydrogen equal zero. 
Hence it follows that E© (the standard potential) for nickel at 25® is —0.231 
volts. The normal potential then is about —0.245 volts (assuming the degree 
of ionization of 0.05 molar nickel sulphate to be about 41%). 

6. Errors 

All weights, volumetric apparatus, thermometers, etc. were carefully 
calibrated and, as shown, the voltage of the standard cell was found correct 
to 0.0001 volt, while the reference electrodes always checked to 0.0001 volt 
at any given concentration. However, a critical examination of other possible 
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sources of error reveals the following. Although the potentiometer was 
guaranteed accurate to 0.0005 volt, and it was very easy to read and check 
to 0.0001 volt, all values recorded are roimded off to 0.001 volt. The thermo¬ 
stat temperature limits of ± 0.5° can produce a maximum deviation of but 
0.0001 volt in the measured potentials. The concentration of each solution, 
as determined by the analysis, is accurate to ±0.0005 molarity units. Den¬ 
sities are accurate to ±0.1%. Consequently neither of these factors can 
appreciably affect the final values. 

Although all materials were very carefully purified, a sample of the purified 
nickel sulphate and of the nickel sulphate prepared from it by subsequent 
electrolytic purification were analyzed spectroscopically through the courtesy 
of the U. S. Bureau of Standards. Arc spectra of each sample were photo¬ 
graphed, the sample being burned on graphite electrodes. Neither sample 
was found to contain copper. The non-electrolyzed sample showed as im¬ 
purity, only a small quantity of cobalt. The electrolyzed sample showed no 
cobalt at all, but small traces of Al, Mn and Na were found. NaOH had 
been added to the electrolyte to make a small quantity of Ni(OH)2. The 
purpose of this was to maintain a pH of 6.8 during the electrolysis. The Al 
and Mn probably came from the Pyrex dish in which the electrolysis was 
carried out. The complete removal of the cobalt is very interesting. It 
suggests either that cobalt is more positive than nickel (which is contrary to 
the order accepted at present) or that it shows less cathodic polarization 
than nickel. The matter is now under investigation in this laboratory. The 
excellent agreement between the Eo values from the non-electrolyzed nickel ^ 
sulphate, the electrolyzed nickel sulphate and the nickel sulphate from Mond 
nickel shows that the impurities mentioned can have but very slight effect. 

This same reproducibility attests the practically complete removal of 
oxygen by the technique finally used. The effect of oxygen is shown conclu¬ 
sively in the preliminary results. The values obtained are not reproducible 
and the potentials usually drop with time, while intentional introduction of 
air produces a large drop immediately. Furthermore, in the preliminary 
studies when the finely divided nickel was removed from the electrode vessel, 
it was always found to be blackened (probably bymxide formation), whereas 
the nickel used under the more carefully controlled final conditions was in¬ 
variably a metallic gray (its original color), even after standing several weeks. 

That hydrogen was removed by our technique seems certain. Long stand¬ 
ing in contact with the solution before use should permit practically complete 
removal by diffusion of any hydrogen formed in the electrolytic preparation 
of the nickel. Followed by the thorough boiling and evacuation, this removal 
must have been complete. Hydrogen tends to raise the potential of nickel. 
This is because the hydrogen electrode at one atmosphere pressure, immersed 
in a solution of pH 6.8, shows a potential of —0.403 against the standard 
hydrogen electrode. Of course if the partial pressure of the hydrogen is 
smaller than i atmosphere, this value will be smaller, i.e. more positive. At 
pH 6.8 the partial pressure of the hydrogen required to give a potential of 
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—0.231 volt (i.e. the E© value for nickel found by us) would be 2 X io“® 
atmosphere. This, for all practical purposes, would represent complete 
removal of hydrogen. Again, within a very short time after cathodic polari¬ 
zation, cells Nos. II and 12 returned to their equilibrium values, showing 
how rapidly hydrogen really does leave nickel so prepared. Finally, I^ewis 
and Lacey^ proved that a finely divided copper electrode, prepared by elec¬ 
trolysis, did not function as a hydrogen electrode. They added a small 
quantity of free acid to the electrolyte. There was no appreciable change in 
the voltage of the cell. However, because nickel displaces hydrogen from 
free acid, we were unable to make this test in the present case. 

There is every reason to believe that the metal was in its most stable 
state. It was very finely divided, had been allowed to stand in contact with 
the electrolyte for some time, and was free from oxide. Any nickel prepared 
by the reduction of its oxide with hydrogen is almost sure to contain some 
oxide if exposed to the air at all. Metals prepared by high current density 
electrolysis seem to be free from surface strains, either immediately or on 
standing in contact with the electrolyte for a very short time.- This process 
was used successfully by I^ewis^ in his study of the silver electrode, by Lewis 
and Lacey (loc. cit.) in their work on copper, by Hampton (loc. cit.) in con¬ 
nection with the potential of iron, and by others. 

That the ('lectrode studied was truly reversible was shown by the follow¬ 
ing facts. 

(i) The relation between potential and concentration was that predicted 
theoretically. (2) Anodic and cathodic polarization and short circuiting of 
the cells produced a temporary disturbance, the equilibrium value being 
quickly regained. 

For these reasons we assign to the standard nickel electrode the value 
— 0.231 volts ±0.002 volts at 25°. 

7 . The Potential of Nickel against Nickel Chloride 

It was hoped that several cells of the type Ni]Ni(^b(o.o5 molal)|Hg2Cl2lHg 
might be studied. They contained no liquid junction and should have been 
amenable to the same technique as that used with nickel sulphate. The 
relation connecting cell voltage with electrolyte concentration for such cells 
would be 

E = Eo — 0.02956 log 4 (my)* and 

the activity coeflScients for the bi-univalent electrolyte should be approxi¬ 
mately the same as those of BaCL at the same molality. 

As a matter of fact, thirteen of these cells were set up and studied, but 
extensive hydrolysis, accentuated by the boiling, produced so much free acid 
and nickel hydroxide (and in a few cases visible hydrogen) that equilibrium 
values were unobtainable. Addition of free acid to suppress the hydrolysis 

^ J. Am. Chem. Soc., 36 , 804 (1914). 

»AUmand-EUingham: ‘Applied Electrochemistry,” 2nd Ed., page 126. 

® J. Am. Chem. Soc., 28 , 158 (1906). 
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defeated its own purpose, as might have been expected. For any given pH 
the cell potentials were moderately reproducible, although they did not become 
constant for at least i6 days. The data obtained (which are not produced 
here to economize space) serve merely to emphasize the deleterious effect 
of free acid and hydrogen on the potential of the nickel electrode. 

7. Sununaiy 

(1) The standard potential of nickel has been determined to be —0.231 
volts ± 0.002 volts at 25°. 

(2) As in many previous cases, nickel prepared by electrolsrsis at high 
current densities has been found most satisfactory for such work. 

(3) The necessity of excluding oxygen and hydrogen in potential measure¬ 
ments has been reemphasized. 

(4) Cobalt has been shown to be either more positive than nickel or less 
polarized. 

(s) Nickel chloride, due to hydrolysis, has been found to be an unsatis¬ 
factory electrolyte in potential measurements. 

It gives us pleasure to acknowledge the interest shown in this work by 
Dr. William Blum, of the U. S. Bureau of Standards, and Mr. H. E. Haring, 
of the Victor Talking Machine Company, and their cooperation in certain 
phases of it. 



NITROCELLULOSE DIFFUSION EXPERIMENTS’* 


BY R. O. HERZOG AND D. KRUGER 

The following communication deals with experimental work which was 
performed several years ago and which is not yet concluded. 

If cellulose is nitrated with so-called mixed acid, nitrocellulose products 
are obtained which differ according to the conditions employed (concentration 
of the mixed acid, time and temperature of the action). We have dissolved 
the nitrocelluloses made from cellulose of various botanical origins in suitable 
liquids and determined their diffusion coefficients, finding as was expected 
that the diffusion coefficient is dependent upon the raw material employed as 
well as upon the conditions of nitration. 

An essential difference revealed itself however in the course of the in¬ 
vestigation, which consisted of several hundred single experiments, namely, 
only in a relatively few number of experiments was the diffusion coefficient 
constant within a single experiment, i.e. for the four different heights in one 
diffusion cylinder; by far the majority of determinations displayed a deviation 
from Fick^s law of diffusion. 

If, on the assumption that this law holds, our values for the concentration 
in the various layers of the diffusion cylinder are calculated by the use of 
Stefan’s derived tables for the Graham determinations, one finds in these 
anomalous cases always the same trend: the coefficients for the topmost layer 
and, for the second layer from the bottom is too great; the coefficient of the 
lowest and of the third layer from the bottom are approximately equal. 
(An indication of this trend is present also in the cases where the coefficients 
of all four layers may be considered as equal.) This trend in the values of 
the coefficients of diffusion indicates that the conditions on which the validity 
of Fick^s law is based, i.e. that the solution is homodisperse and that the 
coefficient of diffusion does not depend upon the concentration, arc not ful¬ 
filled in the present case. In addition to heterodispersity, the extent of which 
will be determined by the nature and pretreatment of the raw material, the 
conditions of nitration and dispersion etc., a splitting off of larger particles 
into smaller ones in the course of the diffusion process must be taken into 
consideration. This tendency to disaggregate on dilution will also vary with 
the kind of the cellulose material and other factors. 

As a matter of fact, certain experiments which one of us (H) has performed 
together with Mr. Lange, namely the investigation of nitrocellulose solutions 
by means of depolarized Tyndall-light point to such a disaggregation on 
dilution. 

In this communication only those experiments are recorded in which the 
‘‘heterodispersity^' of the nitrocellulose solution may be disregarded. 

*Prom the Kaiser Wilhelm Institut fur Faserstoffchemie, Berlin-Dahlem. 
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Experimental Procedure 
Nitration 

The conditions of nitration were so chosen that the destructive action of 
the nitrating acid upon the raw material was as small as possible^ this is the 
case where the reaction is carried out at a low temperature and with acid 
containing but little water. An acid consisting of 71*70% H2SO4, 18.65% 
HNO3 and 9.63% water was used at o°C. The ratio by weight of fibre to 
mixed acid was i :ioo. The fibres were in part scoured by a simple boil in i % 
soda solution and in part especially purified in the manner described below. 

The ^'purified” materials were heated as follows: 20 grams of the cellulose 
material, previously freed from impurities, was introduced into 400 cc of 
boiling 1% soda solution and boiled for two hours with the cellulose submerged 
below the surface of the liquid. The hot liquor was then gradually displaced 
by cold water. The expressed cellulose was next treated at 35®C for two hours 
with 400 cc of a bleaching powder solution containing 2.7 gm Cl of per liter, 
soured with |% hydrochloric acid and washed with water until acid free. 
Then followed in the same manner a second boil with 1%; soda solution, a 
second bleaching with chloride of lime solution containing 2 grams of Cl per 
liter, a third boil in 1% soda and a third bleach in 1.3 gram per liter Cl and 
finally one more boil in 1% soda. The cellulose after washing in running 
water until free of alkali was dried in the air. 

Experiments were also carried out with only one i J hour boil in 1% soda 
solution. 

Experiments on different materials (hemp and alkali cellulose) show that 
within rather wide limits (10 minutes to 3 hours treatment) the diffusion 
coefficient is independent of the duration of the nitration. In all further ex¬ 
periments the nitration period was three hours unless otherwise noted. 
Determination of the velocity of nitration under the same conditions indicated 
that after 15 minutes some 7% N had been taken up, while the maximum N 
content was reached after about ij hours. Those products which were 
nitrated for shorter periods were only partly soluble in acetone. 

The N content of the product produced by a three-hour nitration with a 
mixed acid containing 71.7% H2SO4, 18.65% HNOa and 9.63% water at 
o®C amounted in the case of nitrated cotton, regardless of its preliminary 
treatment (mercerization, action of acids) to 12.8 — 12 9%; in the case of 
nitrated wood cellulose the N content was lower (ii.8 — 12.3%) which is in 
accord with previous observations. 

The nitrocelluloses produced in this manner are easily soluble in acetone, 
methylethylketone, amylacetate, nitrobenzol, pyridine and chloroform. The 
solutions produced in the cold are highly viscous or jelly-like even with con¬ 
centration of less than 1% nitrocellulose. The solutions in hot acetone or 
methylethyl ketone also show high viscosities. The viscosity varies consider¬ 
ably according to the nature and preparatory treatment of the raw material. 

In ether-alcohol or methyl alcohol these nitrocelluloses are insoluble, 
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Unstabilized nitrocellulose decomposes gradually when kept at ordinary 
temperature with the splitting off of nitrogen oxide, In order to determine to 
what extent the properties of the above described nitration products are 
altered in storage, the following experiments were carried out. The nitrates 
were first washed thoroughly with cold water. For nitrated hemp, after storage 
for seven months only a small increase in the diffusibility was observed, while 
in the case of nitrated pulp no change had occurred after four months. 

Since commercially produced nitrates, of the sort here in question, also 
remain (for our purpose) unchanged for a long time without any special 
stabilizing treatment, this procedure was omitted in the experiments dealing 
with the comparison of different raw materials, and the nitrates were simply 
washed with cold running water, until a blue litmus paper when pressed against 
the fibres showed no tendency to turn pink. Tliis method was also chosen 
because after-treatment of nitrocellulose may affect considerably its colloid- 
chemical properties. 

By boiling nitrocellulose in water preferably in the presence of an acid 
or alcohol, not only the stability increases, but also the viscosity of the sub¬ 
sequent solution in acetone (a fact which is well known). The increase in 
viscosity by this method of stabilization was also observed in a few experi¬ 
ments on nitrated cellulose as follows: 

Cellulose was nitrated for i hour at 2o°C with an acid mixture of the com¬ 
position: 61.53% H2SO4, 20.02^/c HNO3 and i 8.45^<( water. The nitrocellulose 
was first thoroughly washed in cold running water, a part of it was then further 
washed for i hour in water, twice boiled for periods of one hour in soda 
solution, then boiled for an hour in water (the w^ater from this first water 
boil gave a neutral reaction with litmus.) The nitrocellulose was then dis¬ 
solved by heating with acetone for one hour under a reflux condenser and the 
period of flow of the solution at 2o°C was determined with the Ostwald 
viscosimeter. 


Concentration Discharge 

g/ioocc Time 

acetone (seconds) 

U nstabilized nitrocellulose 1.74 18. i 

Stabilized nitrocellulose 1.63 34.8 


In the industry no such energetic stabilization as boiling with i%i soda 
solution is employed. By this treatment a considerable quantity of substances 
which are regarded as nitro-oxycelluloses and nitro-hydrocelluloses and which 
form the less dispersible part of nitrocellulose are dissolved out. 

In general the nitrocelluloses were used within a few days of their pro¬ 
duction. 

Solvents 

The choice of suitable solvents for diffusion experiments on nitrocellulose 
is limited by the following considerations: 

I. The solvent must be sufficiently pure and stable and must not react 
with the nitrocellulose. 
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2. Solvents which are specifically heavier than nitrocellulose (chloroform 
for example) can not be used without altering the method. 

3. Very low boiling solvents are inconvenient for practical reasons. 

We used principally acetone (Bp. 56.3®) and methyl-ethylketone (Bp. 81®), 

occasionally also other solvents such as amylacetate. The commercial ester 
was freed from acid, dried and distilled; in the case of the other solvents, 
the pure preparations of Kahlbaum were used directly. The presence of 
moisture within certain limits was without effect upon the results, therefore 
in general air-dried nitrocellulose was employed. 

The nitrocelluloses prepared as described gave even in small concentra¬ 
tions with cold acetone, amylacetate, etc. (insofar as the raw material had not 
received extensive chemical pretreatment), highly viscous gelatinous solutions 
which were difficult to maintain homogeneous. It was therefore found ad¬ 
visable to effect the solution by heating with the solvent concerned. Experi¬ 
ments with methyl-ethylketone solutions indicated that the duration of 
heating (2-4 hours) was without influence. 

The question as to what extent the different solvents cause aggregation 
must be reserved for further investigation. 

The nitrocelluloses were produced therefore, when not expressly otherwise 
stated, by a three-hour nitration with a mixed acid whose composition was 
71.70% HjSO^, 18.65% HNO3 and 9.63% HjO, washed with cold water and 
dried in air. The air dry nitrocellulose was dissolved by treatment for four 
hours with the boiling solvent, usually acetone or methyl-ethylketone and 
the solution finally centrifuged. 

Diffusion 

The diffusion was carried out in the apparatus of Oeholm*. The experi¬ 
ments were conducted in a cellar whose maximum temperature variation in 
the course of a day was 0.1® and in the course of the whole experimental 
period 0.5®. 

Because of the volatility of the solvents employed, special precaution 
were taken to limit as far as possible the evaporation during the long time 
required for the experiments. To the capillary tube on the upper part of the 
diffusion cylinder, a bent glass tube with a blown bulb in it was connected 
and this tube was drawn out to a long fine capillary. This dipped into a 
vessel which was filled with the solvent and which was connected to the outer 
air only through a capillary tube. 

The diffusion coefficients at t® in organic solvents when calculated to the 
diffusion coefficient in water at 20® (Dwso) give within the limits of experi¬ 
mental error, equal values for solutions in acetone, methyl-ethyl ketone, 
ethyl formate and methyl alcohol. 

After tapping off, the nitrocellulose content of the four layers was deter¬ 
mined by evaporation in vacuum to constant weight. From the amount of 
substance thus found the diffusion^coefficient was ascertained by the use of 
Kawalki’s tables and curves. 

‘ L. W. Oeholm: Z. physik. Chem., 50 , 309 (1904). 
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Table I 

Temp. Time in Content of 
(t®) day8(z) layer D. Dwio 

mg. % 

13.2 47 143.9 40.9 0.039 0.018 

109.0 31.0 0.039 0.018 

60.0 17. I 0.037 0.017 

38.8 II. o 0.042 0.019 

S = 351.7 Mean 0.039 0.018 

19 162.4 48.7 0.068 0.024 

107.4 32.2 0.071 0.025 

41.1 12.3 0.056 0.019 

22.7 6.8 0.083 0.029 

2 = 333-6 Mean 0.069 0.024 

12.8 29 117.8 54.8 0.032 0.015 

68.3 31.8 0.029 o 014 

19.2 8.9 0.026 0.012 

9.5 4.4 0,043 0.020 

S = 214.8 Mean 0.032 0.015 

12.8 29 127.4 46.5 0.047 0.022 

88.9 32.4 0.039 0.018 

37.5 13.7 0.040 0.019 

20.4 7.4 0.059 0.027 

S == 274.2 Mean 0.046 0.021 

14.2 38 98.5 39.9 0.054 0.019 

77.7 31.5 0.045 0.016 

43.8 17.8 0.046 0.016 

26.6 10.8 0.054 0.019 

S « 246.6 Mean 0.050 0.017 


The same, dissolved 
in hot acetone 


S == 246,6 Mean 0.047 0.016 


14.2 38 102.6 

77.6 

41.2 

25.2 


41.6 

0.049 

0.017 

31-4 

0.045 

0.016 

16.7 

0.042 

0.015 

10.2 

0.051 

0.018 


Nitrated cotton, 
10.7% N, dissolved 
in cold acetone 


Nitrated flax, 

12.8% N, dissolved 
in hot methyl-ethyl 
ketone 


Nitrated ramie, 12.8% N, 
dissolved in hot methyl- 
ethyl ketone 


The same nitrocellulose 13.6 

kept at room temperature 
seven months and then dis¬ 
solved in hot acetone. 


Nitrocellulose from 
purified hemp, 12.8% N, 
dissolved in hot methyl- 
ethyl ketone. 
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Table I (Continued) 



Temp. 

(t") 

Time in Content of 
days(z) layer 

mg. % 

D. 

Dw20 

Nitrocellulose from 

13-3 

28 147.I 

46 S 

0.045 

0.016 

sulfite pulp, 12.3% N, 


100.3 

31-7 

0.052 

0.018 

dissolved in hot 


41.5 

13 1 

0.036 

0.013 

acetone 


27.4 

8.7 

0.057 

0.020 



2 = 316.3 

Mean 

0.047 

0.017 

Nitrocellulose from Ger¬ 

12.9 

34 128.6 

48.1 

0.041 

0.019 

man sulfite pulp, 12.3%) N, 


84.1 

31-5 

0.052 

0.024 

dissolved in hot methyl- 


29-3 

1.0 

0.029 

0.014 

ethyl ketone 


25.2 

9.4 

0.059 

0.027 



2 = 267.2 

Mean 

0.045 

0.021 

Nitrated a-cellulose 

13-3 

00 

d 

36.7 

0.98 

0.034 

from sulfite pulpS 


88.7 

29.4 

1.02 

0.036 

12.5% N, dissolved 


58.9 

19 s 

0.90 

0.031 

in hot acetone 


43-1 

14.3 

1.04 

0.036 



2 = 301-5 

Mean 

0.97 

0 034 

Nitrated viscose silk, 

12.9 

34 125.5 

440 

0.056 

0.026 

12.7% N, dissolved in 


88.0 

0 

00 

0.070 

0.033 

hot methyl-ethyl 


43-9 

15-4 

0.050 

0.023 

ketone 


28.1 

9.8 

0.067 

0.031 



2 - 285.5 

Mean 

0.061 

0.028 

Nitrated alkali-cellulose- 

13*3 

27 112.8 

41.3 

0.069 

0.024 

which has been ripened 28 


81.4 

29.8 

0.091 

0.032 

days. Dissolved in hot 


46.8 

17.2 

0.064 

0.02 2 

acetone. Nitration 
time 10 min. 


31-9 

II.7 

0.082 

0.029 


2 = 272.9 

Mean 

0.076 

0 

0 



^ The a-cellulose from sulfite pulp was obtained from artificial silk wood pulp according 
to the instructions of Schwalbe, the other a celluloses as well as the 0 celliuose according 
to the process of Lenze, Pleuss and Mueller. According to their instructions, a three-fold 
treatment with alkali is necessary to remove the hemicelluloses. A lengthening of the 
alkali treatment is however useless, since by each increase in time only small a^d ap¬ 
proximately constant quantities go into solution and these consist of the soluble products 
formed by the action of the alkali itself. 

® By alkali cellulose is meant here as in the artificial silk industry—^woodpulp which has 
been soaked in approximately i6% NAOH liquor, pressed until it weighed about three 
times as much as the original pulp and stored for a certain period. 
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(Table I Continued) 





Temp. Time in Content of 

(t°) days(z) layer 

mg. % 



Ditto, nitration time 

13.3 27 0.1421 

38.1 

0.076 

0.027 

60 min. 

0.1120 

30.0 

0.076 

0 

d 


0.0708 

19.0 

0.06s 

0.023 


0.0484 

13-0 

0.085 

0 

0 

0 


2 = 0.3733 

Mean 

0 

0 

d 

0 

0 

Ditto, nitration time 

13-3 28 133.8 

40.9 

0.067 

0 023 

3 hours 

99.0 

303 

0.076 

0 027 


57 5 

17.6 

0.063 

0.022 


37-0 

TI -3 

0.069 

0.024 


2 = 3273 

Mean 

0.069 

0.024 


The diffusion time was reckoned from the beginning of the admission of 
the solution into the cylinder to the beginning of the drawing off of the first 
layer. The filling of the cylinder required at least 30 minutes, the tapping 
off of each layer an average of 20 minutes. 

The duration of the diffusion was usually so chosen as to be most favorable 
for the evaluation (with regard to the slope of the concentration-time-curve) 
of the first, third and fourth layer; in the second layer, on the other hand, the 
quantity of material present was usually in the maximum region or in the flat 
part of the curve after the maximum; the D values of the second layer are for 
this reason less trustworthy than the rest. 

The concentration used seldom reached 1% nitrocellulose. For every 
solution, two parallel experiments were made. In the tabulated data, the 
result of one experiment only is given in each case. 

Experiments 

In Table I the solvent, the diffusion time in days (z), the temperature (t), 
the content of the layer in milligrams and in percent of the total content are 
given. Under D stands the calculated diffusion coefficient for the layer and 
under Dn2o the coefficient calculated for water at 2o°C (for comparison of 
the solvents and of the numbers independent of temperature). 

We add here another group of experiments. Table II, which refer to the 
influence of the duration of nitration by a mixed acid considerably richer in 
water content. They are taken from the dissertation of E. Kausmann whose 
work was performed in our Institute. 

The composition of the acid was 20% HN03/^6i.5%^H2S04, 18.5% H2O; 
and the nitrating temperature 2o®C. 
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Table II 



Temp. 

(t") 

Time in 
days (s) 

Content of 
layer 

mg. % 

D 

Dwto 

Nitrated cotton 

11 - 5 “ 


70.0 

36-9 

o.o86 

0.031 

dissolved in hot 



58.2 

30.7 

0.071 

0.025 

acetone. Time of 



85.0 

18 .5 

0.070 

0.025 

nitration 35 min. 



26.4 

13-9 

0.089 

0.032 



S = 

239.6 

Mean 

0.079 

0.028 

Ditto, nitration 

12-5 

340 

51-7 

35.1 

0.080 

0.029 

time 60 min. 



41.9 

28.4 

0.089 

0.032 




28.6 

19.4 

0.065 

0.023 




25-3 

17.2 

0.093 

0.033 



s = 

147 S 

Mean 

0.082 

0.029 

Ditto, nitration 

ii-S 

3II 

763 

36.7 

0.077 

0.028 

time 65 min. 



62.7 

30.2 

0.070 

0.025 




39.5 

19.0 

0.066 

0.024 




29.4 

14.1 

0.079 

0.028 



2 := 

207.9 

Mean 

0.073 

0.026 


The following summary of the diffusion coefficients calculated for water 
at 2o°C. shows that the natural fibres 3deld values between 0.015 and 0.021. 

The values for alkali cellulose (see below) are not different from those for 
viscose, so that the diminution in particle size in the manufacture of artificial 
silk must occur chiefly in the “preripening” process. 

The last three series of experiments show that under other than the above 
specified conditions of nitration greater values are obtained for the same raw 
material: Dwto increases from 0.016 to 0.028 (the particle diameter is in¬ 
versely proportional to the diffusion coefficient). For our purposes it was 
most expedient to work under conditions which would lead to the smallest 
practicable change in the particle size, Table III, as against the cellulose 
crystallite. 

Table III 


Dwjo 


Cotton 

0.016 

Sulphite pulp' 

0.019 

Hemp 

0.018 

“Alkali ceUulose” 

0.026 

Ramie 

0.015 

a-Cellulose 

0.034 

Flax 

0.021 

Viscose silk 

' 0.028 


^ Because of the impurities in sulfite pulp expwiments it caanot be considered 
positively dependable. 
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Table IV 

Nitrated cotton (12.8% N) in acetone. 


Diffusion time 

Temp. 

Content of the layers 

days 

(t"C) 

mg. 

% 

(z) 




2.8 

13 5 

80.2 

74 .5 



16.0 

14.9 



71 

6.6 



4-4 

4.1 



2 = 107.7 


4.0 

12,8 

81.6 

74.1 



15 -B 

14.5 



7-5 

6.8 



S-i 

4.6 



2 = iio.o 


6.0 

12.8 

81.3 

73-9 



15-5 

14.2 



7.8 

71 



5-3 

4.8 



2 = 109.9 


25 

12.7 

62.7 

570 



26.0 

23.6 



ii-S 

10.4 



9.9 

9.0 



2 = no. I 



Nitrated mercerized cotton in acetone. 


7 

14.0 

93-5 

73-3 



26.8 

21.0 



4.6 

3-6 



2.6 

2.0 



S = 127.5 


19 

14.0 

76.0 

59.6 



33*3 

26.1 



10.0 

7-8 



8-3 

6.5 
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2 = 127.6 
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It remains to give the results of further experiments which are not recorded 
in the foregoing tables. 

The content of so-called a-, and 7-cellulose does not stand in any easily 
understood relation to the observed diffusion distribution. In this regard 
the diffusion coefficient of the nitrate from a-cellulose is always smaller than 
that for nitrated / 3 -cellulose, 

Mechanical treatment, for example in a Hollander mill, increased the 

Two series of experiments remain for discussion. If 
as for example in the following experiments the diffu¬ 
sion coefficient be calculated for the lowest layer for 
different time periods on the assumption that Fick\s 
law is valid, it decreases sharply with time, while— 
under the same assumption—the coefficient for the 
topmost layer increases. With increasing time the 
values for D in the different layers approach nearer to 
equality. 

It appeared possible that disturbances which are 
present at the beginning, immediately after the two 
liquids brought in contact might be caused by the 
nitrocellulose solution swelling as it stands beneath the 
pure solvent, in other words: that the true diffusion of 
the particles does not occur immediately but rather that 
the solution at first increases in volume by the ab¬ 
sorption of solvent, therefore the lowest layer is lifted, so to speak, into the 
second. Such a process has been observed by R. 0 . Herzog and R. GaebeP when 
viscose is covered by a layer of alkali. In the experiments with nitrocellulose 
to be sure such a disturbance is not so probable because of the small concen¬ 
tration used. Its absence was in fact proven in the following manner. 

In a small bulb 1% nitrocellulose solution (in acetone) was carefully 
pipetted under acetone with the aid of a fine capillary. At first every ten 
minutes, later every 30 minutes and finally every hour the Tyndall-cone on 
the intersurface of the solution and solvent was photographed and the photo¬ 
graph evaluated. 

If swelling occurred then the Tyndall-cone should have raised in relation 
to a mark on the bulb. This however was not the case, the photometer curves 
on the contrary, from which the concentration distribution at various heights 
of the bulb could be read (since the Tyndall cone represents a relative meas¬ 
ure of the concentration of colloid particles), showed a normal course. Im¬ 
mediately after mixing a normal concentration gradient began, which with 
time mounted even higher in the bulb. The following graph represents such 
photometer curves (somewhat smoothed out) curve I was obtained 5 minutes 
after the two liquids were brought in contact, II after 20 minutes more. III 


diffusion coefficient. 



Fig. I 

Concentration gradi¬ 
ent after different time 
periods. (Photometric 
determination of the 
Tyndall-cone on the 
surface between solu¬ 
tion and solvent). 


1 Kolloid-Z., 35, 193 (1924); 39, 252 (1926). 
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one hour later, IV hours after III, For the execution of such experiments 
we must thank Mr. H. Kunzc. 

The particle sizes, which were calculated from the diffusion coefficients of 
the nitrocelluloses made by the mild process described above, lie approxi¬ 
mately in the neighbourhood of the values found from the uridth of the X-ray 
interferences for natural cellulose as well as for the nitrated fibres.* 

The cellulose crystallite therefore holds together under certain conditions 
of nitration 1) in fact the single crystallites disintegrate but little or not at all, 
even when the nitrated fibre is dissolved. The colloid particles in the nitro¬ 
cellulose solution correspond to the cellulose crystallite in the fibre. 

This behavior is the more surprising since dilute (r-2%) solutions are 
stable for 6 weeks and longer. It seems to us of particular interest to search 
farther for the causes which determine this cohesion and to seek an exacter 
understanding of the laws of the disintegration of colloid particles,—whether 
they be static or controlled by a dynamic equilibrium^). 

One must expect here in the case of organic colloids quite different re¬ 
actions, and chemical action also must b<^ carefully considered. For these 
reasons wo have begun to extend our investigation with the aid of an ultra¬ 
centrifuge. 

Summary 

Diffusion experiments with nitrocellulose in different solvents are described. 

The diffusion coefficients obtained when calculated to water at 2o°C as 
the dispersing medium, lie mostly between 0.015 and 0.021 for the natural 
fibres. 

Methods for obtaining such solutions are described; these methods how¬ 
ever do not suffice to guarantee the production of a homodisperse solution of 
the indicated particle size, still less to explain more exactly the true causes 
of the cohesion and dispersion. 

A few disturbances are pointed out and the line of future investigation is 
indicated. 

* For example, in the case of ramie the particle diameter of the natural fibre is found 
to be 128 X io~* cm., and after nitration and subsequent denitration, 130 X io“* cm., i.e. 
constant. R. 0 . Herzog; Svensk Pappers Tidning, 1927 , 231 (contains a misprint). 

* M. Volmer: Z. physik. Chem., 125 , 151 (1927). 



THE CONDUCTIVITY OF SOLUTIONS OF SOME AUPHATIC 
ORGANIC ACIDS IN WATER AND ETHYL ALCOHOL* 

BY HERSCHEL HUNT WITH H. T. BRISCOE 

Many investigations have been made to determine the nature of solutions, 
and many of these have dealt with conductivity measurements. But much 
remains to be done, before our knowledge, particularly of non-aqueous solu¬ 
tions, is complete. This paper deals with the conductances of solutions of 
various fatty acids and their substitution products in water and in ethyl 
alcohol. The effect of the substituent upon the conductivity of the acids in 
both alcoholic and aqueous solutions and the relative effects of the substituent 
upon the conductivities of the acids in solutions of the two solvents constitute 
the chief interests of this paper. Both the character and the position of the 
substituent have been considered. In so far as conductivity data will serve 
the purpose, the data have been used to measure the relative ease with which 
H may be dissociated from the remainder of the acid molecule in each of the 
two solutions. The effect of substitution upon the strength of the bond has 
been observed. 

It is planned to continue and extend these studies to include conductivity 
determinations of solutions of aliphatic, aromatic, and unsaturated acids, 
both mono- and dicarboxylic, in various solvents. The dielectric constants, 
viscosities, and other physical constants of such solutions will be detennined. 
Such data as we hope to collect may be expected to throw some light upon the 
relation of the character of solute and solvent molecules to the properties 
of their solution mixtures. 

Much work has already been done on the conductances of aqueous solu¬ 
tions of organic acids. One may mention the work of Ostwald^ who studied 
the electrical conductivity of aqueous solutions of some 240 organic acids. 
Jones^ has studied the conductivity of solutions of many organic acids as 
affected by temperature and dilution. 

Very little work has been done on solutions of organic acids in other sol¬ 
vents. Wightman, Wiesel, and Jones* made conductivity measurements of 
nine organic acids in ethyl alcohol. Lloyd and WieseP extended this work to 
include twenty-nine other acids, most of which were of aromatic character. 

The study of the conductivity of alcoholic solutions of acetic and other fatty 
acids and their substitution products has been neglected and avoided because 
of the extremely low conductivity of such solutions and the difficulty of at- 

* This paper is a part of a thesis presented by the first named author as a p^tial ful¬ 
fillment of the requirements for the degree of Doctor of Philosophy in Indiana university. 

^ Ostwald: Z. physik. Chem., 2, 561 (1888); 3 , 170, 241, 369 (1889). ^ 

*H. C. Jones: Am. Chem. J., 44 , 159 (1910). 

’Wightman, Wiesel, and Jones: J. Am. Chem. Soc., 36 , 2243 (1914); Carnegie Inst. 
Wash. Pub., No. 210. Chap. Ill, (1915). 

^ Lloyd and Wiesel: Carnegie Inst. Wash. Pub., No. 230, Chap. VII (1915). 
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taining a sufficiently sharp minima to make the reading on the bridge possible. 
Using cells with very low constants and observing the best methods and all 
the precautions of modem methods of conductivity measurements, we have 
been able to obtain easily read minima in all the solutions reported herewith. 

Experimental 

Reagents 

Eastman’s and Kahlbaum’s purest acids were further purified and thor¬ 
oughly dried by standard and well-known laboratory methods. Purity was 
tested by melting points and boiling points. 

The water used in the investigation had a specific conductivity of 1.2- 
0.91 X 10*^ and was prepared by distillation (i) from alkaline permanganate, 
(2) from barium hydroxide, and (3) from Nessler’s reagent in a block tin still 
which was fitted with a block tin condenser. Not all the steam of this final 
divstillation was condensed. The distillate was caught in a quartz container. 

Ethyl alcohol was treated with sulphuric acid, distilled, and then re¬ 
fluxed for several hours with lime. The lime was prepared by heating hy¬ 
drated lime for six hours in an electric muffle furnace at a temperature of 
6oo°-'7oo°C. Five hundred grams of this lime were used for each liter of al¬ 
cohol. After distillation from the lime the alcohol was fractionally distilled 
using a long fractionating head and a block tin condenser. In all this work 
cork stoppers were carefully wrapped with pure tin foil. The alcohol prepared 
in this way was found to have a specific conductance of 75 X io~®. In all 
cases the measurements of conductivity were made on solutions for which the 
solvents had been prepared on the same or the preceding day. Specific con¬ 
ductivity determinations for solvents were made, of course, directly preceding 
the preparation of the solutions. 

Solutions were made up by weight and the various concentrations were 
prepared by dilution of the mother solutions. Care was taken to make all 
transfers of liquid away from contaminating air and to prevent evaporation 
during preparation. In each case at least two mother solutions were prepared. 
Subsequent dilutions were made from each of them. Data were not accepted 
unless two such independent determinations agreed within less than 0 , 2 %. 
The solutions were made in carefully calibrated Jena glass vessels at 2 5°C. 
Hence, a correction for the expansion of the solution from 25-30° had to be 
made. The precautions of Morgan and Lammert^ were observed in cleaning 
and filling the cells. All glassware used was first carefully treated and steamed 
to remove soluble impurities. 

The Eohlrausch bridge assembly was employed in the determinations. 
A Leeds and Northrop Kohlrausch slide wire bridge with extension coils, 
tunable telephones, a microphone hummer and carefully calibrated resist¬ 
ances were used. A thermostat filled with water was kept constant to within 
o.oi°C. Beckmann and 0.1° thermometers were used in measuring tempera¬ 
tures in all the work. These were all calibrated by the U. S. Bureau of 


^ Morgan and Lammert: J. Am. Chem. Soc., 45 , 1693, (1923). 
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Standards. All parts of the bridge assembly and all wiring were protected by 
properly grounded shields. 

The cells used were of the Washburn type. Their constants were deter¬ 
mined by the methods employed by Kraus and Parker.^ The values of these 
constants varied from 0.0300 to 0.8752. Cells with the larger constants were 
used only for water solutions. 

All parts of the apparatus, especially the cells, were frequently checked to 
observe variations. Readings for each solution were made at three different 
known resistances, time allowance being made for temperature adjustments. 
The assembly and procedure in making up solutions were tested by repeating 
conductivity measurements of solutions of organic acids in water. Such de¬ 
terminations checked the results of Jones, Ostwald, and others very closely. 
The specific conductances of solutions were corrected for the specific con¬ 
ductance of the solvent. t 

Table I 


In Alcohol 30° 


Dilution Acetic 

Propionic 

Butyric 

Iso-Butyric 

N-Valeric 

Iso-Valeric 

2 

0.003947 

0.003060 

0.002967 

0.002876 

0.002860 

0.002498 

8 

0.015226 

0.013730 

0.013476 

0.012689 

0.011744 

0.009340 

32 

0.057696 

0.045407 

0.043380 

0.042663 

0.041154 

0.039056 

128 

0.218384 

0.156912 

0.144452 

0.134718 

0.121265 

0.II1400 

512 

0.855070 

0.585798 

0.553142 

0.546366 

0.522752 

0.500019 

1024 

1.329120 

I.281607 

1.253376 

1.209628 

1.145629 

I.000042 

Sp. Cond. of alcohol 75 —214 X reciprocal ohms. 






Table II 






In Water 

so"" 



Dilution Acetic 

Propionic 

Butyric 

Iso-Butjrric 

N-Valeric 

Iso-Valeric 

2 

2.3918 

1.9676 

1.9498 

1.8678 

2.7044 


8 

4.9456 

4.2792 

4.4296 

4.2472 

4.0088 

4.4880 

32 

9.9256 

8.5664 

8.9664 

8.6400 

8.2048 

9.1936 

128 

19.6480 

17.0112 

17.8302 

17.1008 

16.3840 

18.3296 

512 

38.1952 

34.0582 

34.5497 

34.1555 

32.6004 

36.5875 

T024 

53.0125 

45.0150 

46.2029 

46.1414 

47.2678 

51.8553 

2048 

77.2301 

62.0338 

68.5670 

63-7337 

63.4880 

74-5267 

Sp. Cond. of water 0.94 — 1.56 X 

: io~* reciprocal ohms. 






Table III 






In Alcohol 

30° 



DHu- 

N-Caproic 

Iso- 

Monochlor- 

Dichlor- 

Trichlor- 

Bromo- 

tion 


Caproic 

Acetic 

Acetic 

Acetic 

Acetic 

2 

0.003086 

0,009444 

0.059246 

0.253086 

2.04740 

0.081805 

8 

0.008192 

0.017804 

0.111056 

0.457648 

3.68048 

0.156424 

32 

0.035664 

0.041125 

0.220464 

0.895856 

6.59040 

0.302099 

128 

0.152128 

0.141914 

0.480947 

1.761972 

11.77165 

0.668147 

512 

0.635136 

0.631603 

1.195091 

4.336896 

20.65433, 

1.342223 

1024 

I.136128 

0.682199 

1.636352 

7.622686 

27.38585 

1.614028 

Sp. Cond. of Eton i6i —200 X 

10'* reciprocal ohms. 




‘ KrauB and Parker: J. Am. Chem. Soc., 44 , 2422 (1922). 
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Table IV 
In Water 25®* 


Dilu¬ 

tion 

2 

N-Caproic 

Iso- 

Caproic 

Monochlor- 

Acetic 

Dichlor- 

Acetic 

Trichlor- 

Acetic 

Bromo- 

Acetic 

8 

32 

7-45 

— 

72.4 

253 I 

3230 

68.7 

128 

14.89 

— 

127.7 

317-5 

341.0 

122.30 

512 

29.00 

— 

205.8 

352.2 

353-7 

199.20 

1024 

40.31 

— 

249.2 

360.1 

3560 

241.20 


* Ostwald: Z. physik. Chem., 3 , 170 (1889). 
Ostwald's values are in Siemens’ units. 


Table V 
In Alcohol 30® 


Dilu¬ 

tion 

Cyan- 

Acetic 

Glycollic 

lodo- 

Acetic 

Thioacetic 

Pyruvic 

Amino- 

Acetic 

2 

0.20735 

0.041606 

0.065808 

0.080107 

0.16019 

— 

8 

0.32930 

0.071616 

0.117980 

0.147508 

0.31040 

— 

32 

0.58054 

0.121032 

0.213873 

0.287508 

0.59485 

— 

128 

1.09895 

0.252320 

0.483904 

0.581939 

I.19232 

— 

512 

2.16512 

0.606464 

1.045504 

I.165056 

2.64090 

— 

1024 

3.01822 

0.907161 

I.581466 

I.600717 

3.44064 

— 


Sp. Cond. of EtOH 127 — 161 X io“® reciprocal ohms. 


Dilu-* 

Cyan- 

Glycollic* 

Table VI 

In Water 

lodo-* Thioacetic* 

Pyruvic* 

Amino-* 

tion 

2 

Acetic 

Acetic 

30.104 

Acetic 

0.27678 

8 

— 

— 

— — 

59-025 

0.33164 

32 

105.3 

24.79 

50 60 42.05 

105.644 

0.43891 

128 

176.4 

47-50 

94.31 79.84 

169.454 

0.66816 

512 

260.9 

88.00 

164.50 139-10 

236.707 

2,14016 

1024 

297-3 

116.70 

207.00 176.80 

257.720 

2.45453 


* 30® values in reciprocal ohms, 

** Ostwald: Z. physik. Chem., 3 , 170 (1889). 25® 


Table VII 
In Alcohol 30® 


Dilu¬ 

a Bromoprop- b-Bromoprop- 

a-Bromo- 

a-Brom-iso- 

a-Brom- 

a-Bromo-iso 

tion 

ionic 

ionic 

butyric 

butyric 

Valeric 

Valeric 

2 

0.037452 

0.022487 

0.03856 

0,02790 

0.02760 

0.05653 

8 

0.077060 

0.036360 

0.07103 

0.05604 

0.05871 

0.0895s 

32 

0.157320 

0.062784 

013853 

0.10804 

0.13952 

0.14861 

128 

0.328614 

0.117760 

0.36422 

0.26541 

0.33139 

0.27960 

512 

0.727219 

0.303129 

0.78080 

0.53391 

0.74393 

0.59241 

1024 

0.854784 

0.656607 

1.38404 

1.20934 

0.77629 

0.844.08 


Sp. Cond. of EtOH 135—226 X io“®. 
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Table VIII 
In Water 30° 


Dilu¬ 

tion 

a-Bromoprop- 

ionic** 

b-Bromoprop- 

ionic* 

a-Bromo-* 

butyric 

a-Bromo-iso a-Bromo- 
But3rric Valeric 

a-Bromo-iso 

Valerio 

2 

8 

— 

— 

— 

36.84 — 

40.34 

32 

— 

19.48 

— 

83.81 — 

79-51 

128 

110.4 

37-36 

109.0 

157-79 — 

138.80 

512 

185-3 

70.66 

0 

d 

00 

M 

262.63 — 

225.84 

1024 

225.0 

95-25 

218.0 

330.70 — 

271.08 


•P. Walden: Z . physik. Chem., 10,638 (1^3). 
Walden’s values are given in Siemens’ units at 35°. 


Discussion of Results 

Variations in the conductivity of the same substance in different solvents 
are usually explained by differences in dielectric constants, viscosities, asso¬ 
ciation factors, and molecular complexities of the solvents. The results of 
this investigation show that the molecular conductivity in aqueous solution 
is 40-1000 times as great as the conductivity of the same acid in ethyl al¬ 
cohol. When one considers the conductance of strong electrolytes in alco¬ 
holic solutions, these great variations in conductivity values are difficult to 
explain on the basis of the above-named properties of the solvents. 


Table IX 

Organic Radicals in the Order of their Effect upon Conductivity 


Temperature 30° 

Alcoholic Solutions 

1. CHjBrCHs — 

2 . CH8CH(CH,)CH2-- 

3. CHsCHsCHsCHs-- 

4. CHaCBr(CH,)-- 

5. CHaCH(CHs)-- 

6 . CHaCHaCHa- 

7. CHaCHa-- 

8. CHaCH(CHa)CHBr -- 

9. CHaOH — 

10. CHa(CH,)CH2CHaCHa-- 

11. CHaCHaCHaCaHaCHa-- 

12. CHaCHBr-- 

13. CHaCHaCHaCHBr-- 

14. CHaCHaCHBr-- 

15. CHa — 

16. CHsI — 

17. CHaCl — 

18. CHaBr-- 

19. CHa(CN)-- 

20. CHaCO — 

21. CHCla-- 

22. CCla-- 


Concentration N/si2 
Aqueous Solutions 

1. CHaCNHa)-- 

2. CHaCHaCHaCHaCHa - - 

3. CHaCHaCHaCHa-- 

4. CHaCHa- 

5. CHaCH(CHa)-- 

6. CHaCHaCHa-- 

7. CHaCH(CHa)CH2-- 

8 . CHa — 

9. CHaBrCHa — 

10. CH,(OH) — 

11. CHal — 

12. CHaCHaCHBr — 

13. CHaCHBr — 

14. CHjBr — 

15. CHaCl-- 

16. CHaCH(CHa)CHBr-- 

17. CHaCO — 

18. CHa(CN)-- 

19. CH,CBr(CH,)-- 

20. CHCla — 

21. CCl,— - 
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The effect of increase in dilution is to increase the molecular conductivity. 
The increase in conductivity in most cases is almost proportional to the vol¬ 
ume. This relation is shown graphically in Fig. i 

For the purposes of interpolation and extrapolation the values of the 
molecular conductances at different concentrations are plotted against the 


cube root of the concentration. It is 
conductivity at infinite dilution from 



lOG l/OLUM£ 
Fig. I 


not possible to estimate the molecular 
these graphs because sufficiently high 
dilutions of these weak acids could 
not be run in alcohol to determine ac¬ 
curately where the curve cut the Y-axis. 
We expect later to determine the 
percentage ionization of these acids in 
alcohol. 

In Table IX we have arranged the 
acids in the order of their conductances 
in the two solvents. This was done in 
order that wo may emphasize the im- 



Fig. 2 


portant effect which constitution of the molecule of the solute has upon its 
conductance in the same and in different solvents. Acetic acid, for instance, 
stands fifteenth in the alcoholic series and eighth in the water series. Although 
beta-bromopropionic acid is the poorest conductor in alcoholic solutions it 
conducts better than eight other acids in the water solutions. In many cases 
decided shifts in the order are to be noted. The greatest differences are 
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found in solutions of those acids containing the groups CH8CHBrCH2 
(CH8)2CBr -;(CH8)2CHCHBr and CsHu.- 

With an increase in CH2 groups one would look for a simultaneous de¬ 
crease in conductivity. This is true in alcoholic solutions until we reach 
caproic acid, which has a conductance greater than either propionic, butyric, 
or valeric, and iso-caproic has a conductance greater than normal caproic in 
concentrated solutions but falls below caproic in a N/512 solution. Even this 
regularity is not found in aqueous solutions. 




In alcoholic solutions the iso-acids have a lower conductance than the 
corresponding normal acids, but in water iso-butyric has a lower molecular 
conductance than butyric acid, while iso valeric acid has a greater conductiv¬ 
ity than valeric acid. Unfortunately, we have only these two pairs of isomers 
to compare in aqueous solutions. 

An increase in the number of chlorine atoms in the molecule of acetic acid 
causes an increase in the molecular conductivity. 

It will be noticed that the CN radical and the OH radical both cause a 
great increase in conductance. The substitution of oxygen for the two hy¬ 
drogens on the alpha-carbon atom of propionic acid increases its conductance 
many times. The substitution of NH2 for a hydrogen atom in acetic acid 
lowers the conductance almost 94%. This can probably be explained on the 
assumption that part of the hydrogen ions which are formed by the ionization 
of the carboxyl radical unite with the basic NH2 radical. If such is the case, 
only after equilibrium has been reached in this system will we have the acid 
liberating hydrogen ions. 
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Table IX may be looked upon as a series of radicals or groups in the order 
of their electronegativities. The order, of course, can be looked upon as 
correct, only in so far as conductivity data alone can be taken as a measure 
of the strengths of the acids and the ease with which electronic bonds be¬ 
tween hydrogen and oxygen in the carboxyl group may be broken. 

^_ The Stark-Lewis hypothesis as¬ 



sumes that the degree of ionization of an 
acid is dependent upon the strength of 
the bonds between the oxygen and the 
hydrogen in the carboxyl group. Fur¬ 
thermore, we would expect from this 



hypothesis that the more electronegative the substituent the more highly 
ionized the acid. Other factors being equal the acid containing the more 
negative substituent group should have the greater conductance, provided 
conductance depends only upon the dissociation of the acid by breaking the 
oxygen-hydrogen bond in the carboxyl group. For example, chloracetic acid 
should be stronger than iodoacetic acid and therefore have a greater con¬ 
ductance. We would expect the two acids to have a structure somewhat as 
follows, since we know that chlorine is more negative than iodine. 


: O: 

H :: .. 

H : c : C : O— :-H 

• • •. 

:C1: 


: o : 

H :: .. 

H : C : C : 0 - 

• • • • 

: I : 


— H 
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In the acetic acid molecule the electron pair between oxygen and hydrogen 
lies somewhat nearer the oxygen atom than the hydrogen. When chlorine 
replaces one hydrogen in the methyl group, the electron pair between chlorine 
and carbon is pulled away from the carbon and toward the chlorine atom. 
This causes a rearrangement of the other electron pairs about the carbon 
atom, which in turn, causes a shift in the position of the electrons about the 
carbon and oxygen atoms of the carboxyl group. This shift is toward the 
part of the molecule into which chlorine is introduced. In the case of the 
oxygen-hydrogen linkage of the carboxyl group, the electron pair is drawn 




Fig. 8 

A. N-butyric acid 

It waa found that iso-butyric acid fell just 
a short distance below N-butyric acid, hav¬ 
ing the same curvature. 


closer to the oxygen and farther away from hydrogen. This amounts to a 
decrease in the strength of this bond, and an increase in the extent to which 
the acid may be expected to dissociate. Since chlorine is more electro-nega¬ 
tive than iodine, it should have a more pronounced effect when introduced as 
a substituent. On these assumptions we would expect chloracetic acid to 
have a greater conductance than bromoacetic acid and it in turn to have a 
greater conductance than iodoacetic acid. This is true in aqueous solutions, 
but in alcoholic solutions we find the conductance decreases from bromoacetic 
to chloracetic to iodoacetic acid. ^ 

Table IX reveals other instances in which conductivity data does not 
support the theory. It is understood that other factors, such as molecular 
association, may account for some of these discrepancies. 
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It is interesting to compare the order of organic radicals in Table IX with 
Kharasch’s table' of electronegativities. It is found that the alcoholic series 
agrees with Kharasch’s work but that the water series reveals some differences 
in position. 

Conclusions 

1. All the acids studied have a much lower molecular conductance in 
alcohol than in water. 

2. The rate of increase of molecular conductance for the successive dilu¬ 
tions is about twice as great in alcohol as in water. 

3. The homologous fatty acids fall in a series with a decreasing mole¬ 
cular conductance as the number of carbon atoms increase. Isovaleric acid 
in water solutions and the caproic acids in alcohol are exceptions. 

4. The data do not consistently confirm Lewis’ theory of the effect of 
substitution of groups possessing different electrical characteristics upon the 
strength of the acid. This conclusion is true, of course, only in so far as con¬ 
ductivity data can be taken as evidence of the stability of the electronic bond 
between hydrogen and oxygen in the carboxyl group. 

5. The acids do not have the same relative conductivities in alcohol and 
in water solutions. 

6. The substituent radicals have been arranged in the order of their 
effect upon the conductivity of the acid molecule in both water and alcohol. 

7. The log-volume conductance curves show agreement with the mass 
action law at high dilutions. 

8. Simple and efficient means for preparing conductivity alcohol have 
been given. 

‘ Kharasch: J. Chem. Ed., 5 , 404 (1928). 



ELECTRICAL CONDUCTION IN TEXTILES. II 
Alternating Current C^onduction in Cotton and Silk 

BY E. J. MURPHY 

The first paper^ of this series described an investigation of the dependence 
of the resistivity of certain textiles on relative humidity and moisture content. 
The present paper will give the results of a similar investigation of alternating- 
current conduction. The data show the variation of the equivalent parallel 
capacity and conductivity of cotton and silk with humidity. The effect of 
electrolytic material in the textile on the a.c. capacity, the a.c. conductivity 
and the d.c. conductivity was also determined; this has proved to be a useful 
way of investigating the conduction processes. The alternating-current con¬ 
ductances of the samples were also compared with their direct-current con¬ 
ductances over a large range of humidity. Data were obtained on the varia¬ 
tion of the equivalent parallel capacity and conductance of cotton samples 
with frequency in the telephonic range. The main conclusions are that the 
water paths through which direct current conduction takes place in the tex¬ 
tile act as electrol3rtic cells having a polarization capacity which accounts for 
most of the capacity of textiles except at low humidities; that the a.c. and d.c. 
conductivities of cotton are equal within the precision of the measurements 
at humidities above 80-85% (and dielectric losses therefore practically com¬ 
pletely accounted for by the direct-current conductivity in this range of 
humidity); and that the a.c. conductivity is strongly affected by the electro¬ 
lytic material in the textile even at humidities where only a small part of it 
is due to d.c. conductivity. 

Alternating-Current Capacity of Cotton and Silk 

The alternating-current capacity of textiles and other similar moisture 
absorbing materials increases with increasing moisture content and decreases 
with increasing frequencyOne way of explaining these effects is to regard 
the water as one component of a non-homogeneous dielectric to which Max- 
well^s theory of absorption as extended to alternating electric fields is ap¬ 
plicable. U. Meyer® has concluded that the effect of absorbed moisture on 
the capacity and loss angle of certain dielectrics is in agreement with the con¬ 
sequences of this theory where the water is regarded as one layer of a three- 
layer dielectric. In this theory the capacity depends both on the dielectric 
constant and the conductivity of the absorbed water. DuBois^ has sug- 

1 J. Phys. Chem., 32, 1761 (1928). 

^ H. Jordan: Elektrotech. Z., 32, 262 (1911). 

^ K. W. Wagner: Archiv Elektrotech., 3, 67 (1914). 

* Fleming and Dyke: J. Inst. El. Eng., 49, 323 (1912). 

® C. Lubben: Archiv Elektrotech., 10, 282 (1921). 

• U. Meyer: Verb, deutsch. physik. Ges., 19, 139 (1917). 

7 D. DuBois: J. Am. Inst. El. Eng., 41, 688 (1922). 
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gested another type of explanation in which the water appears to be regarded 
as essentially a conductor. He considers that some of the absorbed moisture 
is distributed as droplets and filaments which reduce the effective separation 
of the electrodes and thereby increase the capacity. A somewhat similar 
explanation has been proposed by Setoh and Toriyama,® who consider that 
•the absorbed moisture forms conducting paths, some of which bridge the 
electrodes and some of which only extend part of the way between them; 
the latter they consider to be equivalent 
to a capacity in series with a resistance 
and the former to a shunting resistance. 

In these two theories the increase in 
capacity appears to be regarded as due to 
water which is distributed through the di¬ 
electric as droplets or short filaments or in 
some other way such that it is more or less 
insulated from one or both of the elect¬ 
rodes. However, there is no experimental 
evidence that any of the absorbed moist¬ 
ure in textiles is necessarily insulated 
from the electrodes and takes no part in 
direct-current conduction. In the ex¬ 
planation of the capacity of cotton which 
will be described below, most of the 
capacity is attributed to effects of water 
which forms continuous filaments con¬ 
necting the electrodes and providing a 

path for direct-current conduction. * . , ., 

^ , 1 I. Conductance and Capacity Bridge 

1 he direct-current conductivity of y represents the admittance of the 

a textUe is practically entirely due to sample to be measured It is not shown, 
the absorbed moisture and the electro- nals shown in the diagram, 

lytic material which it dissolves from 

the natural constituents of the textile.^ This indicates the presence of con¬ 
tinuous water paths connecting the two electrodes. These water paths form 
with the electrodes a kind of electrolytic cell which would be expected to have 
a polarization capacity like an ordinary electrolytic cell. The properties of 
the polarization capacity of electrolytic cells will be compared below with the 
properties of the capacity of cotton and silk. 

The samples used in this investigation have been described in detail in a 
previous paper.^ They were of two kinds: ‘Threads,^' which consist essen¬ 
tially of cotton threads attached to two brass electrodes 1.3 cm apart, and 
^‘Twisted Pairs’^ made by twisting two cotton insulated wires together for a 
length of about 5 cm. Some of these samples were tested in their normal 
condition while others were washed to reduce the amount of electrolytic 
material in them. 

® Setoh and Toriyama: Inst. Phys. Chem. Res. (Tokyo), Sci. Papers, 3,483 (1926). 
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A diagram of the bridge used is shown in Fig. i. The shielding is also 
shown. Since the ratio arms give a i :i ratio, the condition for balance is that 
the admittances of the third and fourth arms be equal. If Ci and C2 are the 



Fia. 2 

Equivalent Parallel Capacity of Cotton as a Function of Humidity 

1. Tvristed Pairs I (normal electrolyte content). 

2. Twisted Pairs II (low electrol3rte content). 

Frequency—looo cycles per second 

readings of the standard condenser when the sample is connected in the fourth 
arm and when it is disconnected, respectively, and Ri and Ra the correspond* 
ing readings of the standard resistance, then Ci-Ca is the equivalent parallel 
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capacity, and i/Ri“-i/R2 the equivalent parallel conductance of the sample 
(the conductance of the mica condenser being added when it is used). 

The data in Table I and the curves in Fig. 2 show that the capacity of 
cotton increases very rapidly with increasing humidity and that it also de¬ 
pends to a very large extent on the amount of electrolytic material contained 
in the textile. For example, the capacity of Twisted Pairs I is 1880 times as 
great at 98.6% humidity as at approximately 0%; and at 98.6% humidity 
the capacity of Twisted Pairs II, which contains considerably less than the 
normal amount of electrolytic material, is only about i/48th as great as that 
of Twisted Pairs I, which contains the normal amount. Table II shows that 
the capacity decreases with increasing frequency with greater rapidity the 
higher the humidity. 

The fact that at high humidities the capacity is strongly affected by the 
amount of electrol3rtic material in the cotton indicates that it is of such a 
nature as to be sensitive to changes in the conductivity of the absorbed mois¬ 
ture, for the dielectric constant of aqueous solutions of electrolytes is only 
slightly affected by changes in concentration, and for small concentrations 

Table I 

Equivalent Parallel Capacity of Cotton Threads and Twisted Pairs at 1000 
cycles/sec. as a Function of Humidity and Electrolyte Content. 

Temperature 2S®C. Capacities in mmf. 


Electrolyte 

Content; 

Normal 

Low 

Normal 

Low 

Relative 

Twisted 

Twisted 

Cotton 

Cotton 

Humidity 

Pairs 

Pairs 

Threads 

Threads 

Percent 

I 

II 

I 

II 

0. 

4.6 

4.0 

6.3X10“’* 

5.6X10 

6.0 

— 

— 

— 

5.6 

19.5 

4.8 

— 

— 

— 

0 

0 

5-7 

5-7 

— 

— 

38.8 

— 

5-9 

6.4 

4.2 

SO-S 

7 7 

6.4 

6.8 

10.0 

59-0 

10.7 

6.7 

7-4 

9-9 

70.8 

20.9 

— 

8.2 

— 

730 

22. i 

8.4 


10.2 

7 S-S 

28.7 

— 

13 -5 

— 

79.1 

46.8 

10.2 

13*5 

— 

85.2 

930 

— 

12.5 

— 

88.4 

II 4-5 

20.8 

16.0 

12.1 

92.0 

155-6 

— 

45-5 

— 

963 

947-0 

— 

108.0 

— 

98.6 

0 

d 

0 

00 

179.2 

268.0 

10.4 

99.9 

— 

580.0 

— 

— 


These are the capacities of a single Twisted Pair or Thread sample plus the capcity of 
the mounting^ which was small. 
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decreases with increasing concentration.® Polarization capacity is a kind 
of capacity which depends on the conductivity of the solution rather than on 
its dielectric constant. 

There is good qualitative agreement between the characteristics of the 
polarization capacity of electrolytic cells^®“^® and the alternating current ca¬ 
pacity of cotton and silk. Both are very large; both increase with increase in 
the concentration of the electrolyte^® (the concentration of the electrolyte 
in a textile being measured by its ash content); and both decrease with in¬ 
creasing frequency. An exact quantitative comparison between them cannot 
be made with the available data because polarization capa¬ 
city depends on a number of factors such as electrode 
material, nature of the electrolyte, and current, but the 
order of magnitude of polarization capacities and of their 
rate of change with electrolyte concentration and frequency 
appears to be about the same as that of the jeorresponding 
quantities for cotton and silk at high humidities. 

The moisture which forms continuous conducting paths between the 
electrodes may contribute to the total capacity also in another way, besides 
in having a polarization capacity. One of the simplest ways of explaining 
a number of the facts regarding conduction in textiles is to assume that the 
resistivity of the water-paths depends more on their form than on the total 
amount of absorbed moisture or its specific conductance, and there is some 
basis for considering that the conducting water-paths in a textile form a 
regular space-pattern or network composed of similar elements possibly cor¬ 
responding to some structural unit in the interior of the textile material.^ 
It is possible that the elements of this network are formed in such a way that 
a cross-section parallel to the direction of current flow through one of the fila¬ 
ments would in effect have a form something like the sketch in Fig. 3; the 
unshaded area is water. If the thickness of the constricted sections of the 
water-paths increases rapidly with moisture content, the rapid change of the 
resistivity of the textile with moisture content would be explained. Each 
similar element of such a network would have a geometric capacity to its 
neighbors and the d.c. conduction paths could therefore be regarded as having 
a regularly distributed capacity essentially very similar to the distributed 
capacity of a resistance coil. The impedance of such a network to alternating 
current might be appreciably less than its d.c. resistance. 

These considerations indicate that the total capacity C of a textile sample 
may be regarded as composed of the following components: 

C = Cx + C2 + C3 + C4. . ., 

where Ci is the polarization capacity of the continuous water-paths connect¬ 
ing the electrodes, C2 the regularly distributed capacity of these water-paths, 

® R. Pechhold: Ann. Physik, (4) 83 ,427 (1927)- 

»®C. B. JoUiffe: Phys. Rev., (2) 22, 293 (1923)- 
I. Wolff: Phys. Rev., (2) 27 , 755 (1926). 

“ R. T. Lattey: Phil. Mag., (6) 50 ,444 (1925) (contains bibliography). 

“ B. B. Banerji: Trans. Faraday Soc., 22, iii (1926). 
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and Cs, C4 ... are contributions to the total capacity from other sources, 
such as the solid dielectric, all of these quantities being equivalent parallel 
capacities. The present results suggest that Ci predominates at humidities 
above 30-40%. 

The several components of the total equivalent parallel capacity of a tex¬ 
tile would be expected to vary differently with frequency. The part due to 
polarization capacity should follow the same law of variation with frequency 
as the polarization capacity of an electroljrtic cell. Banerji^® has found that 
when the capacity of an electrolytic cell is plotted against the square of the 
frequency an hyperbola is obtained. In the small range of frequency for 
which data on cotton are available this relationship can also be expressed 
approximately by C = Cof”°, a relationship which has been found also by 
some other observers.^^ The most favorable condition for comparing cotton 
with an electrolytic cell is the highest humidity at which accurate measure¬ 
ments can be made. The data for the capacity of cotton at 98.6% humidity 
satisfy this equation approximately, the value of n being 0.9. The value of n 
for an electrolytic cell varies with electrode material, electrolyte concentra¬ 
tion, etc., but lies in general between about .3 and These values are of 

the same order of magnitude as the value of n for cotton at high humidities. 
Banerji has found that the relationship between the capacity of an elec¬ 
trolytic cell and the frequency would be accounted for by the presence at each 
electrode of a small capacity shunted by a low resistance and in series with a 
large capacity shunted by a high resistance. The small capacity is regarded 
as due to the Helmholtz double layer and the larger one to concentration 
changes in the electrolyte produced by the current. The polarization ca¬ 
pacity of a textile should consist of a similar network. 

If the water-paths are formed as suggested above, their distributed ca¬ 
pacity should also vary with frequency. The elements of the network may 
be regarded as composed of similar elements consisting of a high resistance in 
parallel with a large capacity (the narrow sections of the water filaments) 
and in series with a low resistance which is in parallel with a small capacity 
(the thickened sections of the filament). Such a network is essentially the 
same as a Maxwell dielectric of two layers, whose variation with frequency 
is given by Meyer.® It is also the same type of network as found by Banerji 
for electrolytic cells. The cause of the variation of equivalent parallel capacity 
with frequency is therefore essentially the same in the three cases, polari¬ 
zation capacity, non-homogeneity of the dielectric, or a regularly distributed 
capacity of the water-paths; namely, that the method of measurement con¬ 
sists in balancing a capacity shunted by a resistance against a more complex 
network containing capacities which are in series with resistances.^® Con- 


See tabulation of relationships found by different observers in ref. 12. 

” The equivalent parallel capacity Cp of a simple network consisting of a resistance in 


.C 


series with a capacity varies with frequency according to Cp ■» — , ^ . .., 

I i- (Ksosa};* 

where Cs and Rs are the capacity and resistance which are in series and co is 2ir X fre¬ 
quency. The capacity of more complex networks is also a similar type of function of the 
frequency. 
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sequently, it seems probable that the various components of the capacity 
of a textile vary with frequency according to similar laws, but at different 
rates (i.e,, have different values of n) and that the relative prominence of the 
different components depends on the humidity. Table II shows that the rate 
of change of capacity with frequency decreases as the humidity decreases. 



Fig. 4 

The A. C. and D. C. Conductivities of Cotton as Functions of Humidity. 

The curves show the relationship between a.c. and d.c. conductivity and the effect 
upon them of differences in the electrolyte content of the samples. 

o D.C. Conductances • A.C. Conductances 

1. Twisted Pairs I (normal electrolyte content) 

2. Twisted Pairs II (low electrolyte content) 

3. Cotton Threads I (normal electrolyte content) 

4. Cotton Threads II (low electrolyte content) 

The conductances are for a single Twisted Pair, or Thread sample. The curves were 
plotted from Table III. 

Alternating-Current Conductivity and Dielectric Loss 

The alternating-current conductivity of moisture absorbing, and other 
dielectrics is in general much greater than their direct current conductivity, 
and the energy losses in a dielectric are therefore considerably greater for 
alternating than for direct current. Many theories have been proposed to 
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account for dielectric losses with alternating current.'® The principles in¬ 
volved in these theories are usually based on inhomogeneity of the dielectric, 
on inelastic dielectric polarization, or on anomalous ionic conduction. The 
results of a number of recent investigations appear to favor a theory based on 
ionic conduction involving the formation of a back-e.m.f. of polarization by 
the current.^*^’'®'^^ Meyer® has concluded that for materials containing mois¬ 
ture MaxwelFs theory of non-homogeneous dielectrics as applied to alter¬ 
nating current is able to account for the order of magnitude of the experi¬ 
mentally observed dielectric losses (loss angle) in certain materials. DuBois,^ 
and Setoh and Toriyama® explain dielectric loss in textiles by conduction in 
water-paths, some of which bridge the electrodes and some of which only ex¬ 
tend part of the way between them. 

The results of the present investigation show the relation between the 
a.c. and d.c. conductivities of cotton and silk as a function of humidity. They 
also show the effect of electrolytic material in the textile on the a.c. and d.c. 
conductivity and on their relation to each other. The measurements were 
made with the bridge shown in Fig. i upon the same samples and at the same 
time as the capacity measurements described earlier in this paper. The 
direct-current resistivity (insulation resistance) measurements were made 
immediately before or after the alternating current measurements. Where 
there was a possibility of the resistance of the sample being changed by the 
direct current measurement, the a.c. measurement was made first. 

The relation between the d.c. and a.c. conductivities of cotton is shown 
by Fig. 4 and by Table III from which it is plotted. It is evident that at 
humidities above 80-85% the a.c. and d.c. conductivities are equal within 
the accuracy of the measurements.^ Below 80-85% humidity the a.c. con¬ 
ductivity is appreciably higher than the d.c. conductivity, and the dis¬ 
crepancy between them increases as the humidity is reduced; the d.c. conduc¬ 
tivity forms less than 1% of the a.c. conductivity at humidities below about 
25% for samples of normal electrolyte content, and at humidities below about 
45% for samples of low electrolyte content.^' Since dielectric losses are pro¬ 
portional to the a.c. conductivity, these results show that at humidities 
greater than 80-85% dielectric losses in cotton and silk are practically com- 

“ Reviews of these theories with bibliographies are given by E. R. v. Schweidler: Ann. 
Physik. (4) 24 , 711 (1907); F. Tank: 48 , 307 (1914); IJ. Meyer, loc. cit., L. Hartshorn: J. 
Inst. El. Eng., 64 , 1152 (1926); and J, B. Whitehead: J. Am. Inst. El. Eng., (1926). 

A. Joff6: Ann. Physik, 72 , 461 (1923). 

'*H. Schiller: Ann. Phjrsik, 81 , 32 (1926); Z. Physik, 42 , 246 (1927). 

Sinjelnikoff and Walther: Z. Physik, 40 , 786 (1927). 

The coincidence of the a.c. and d.c. conductivity curves is only obtained when the 
d.c. measurements are made with a period of electrification .«*hort enough to avoid the error 
due to ^^polarization’’ (increase of resistance with time of application of the measuring 
voltage). 

Sinjelnikoff and Walther” have stated that the true d.c. conductivity of dielectrics 
is equal to their a.c. conductivity, the apparent discrepancy being due to error in the d.c. 
measurements caused by a back-e.m.f of polarization which makes the apparent resistance 
much larger than the true re&istance. However, a number of considerations regarding the 
present results lead to the conclusion that the wide discrepancy between the a.c. and d.c. 
ocmductivities of cotton at humidities below about 80% is established with as much cer¬ 
tainty as their equality at humidities above this. 
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pletely accounted for by the direct-current conductivity, while at humidities 
lower than this a large part of the total dielectric loss is due to some cause 
other than the d.c. conductivity. 

Comparison of the a.c. conductivity curves for samples of different elec- 
trol3rte content, but otherwise similar, shows the significant fact that, even 
at humidities where only a negligible part of the a.c. conductivity is due to 
d.c. conductivity, the a.c. conductivity of samples of normal electrol3d}e con¬ 
tent is much higher than that of samples of low electrol3rte content (compare 
curve I with curve 2 and curve 3 with curve 4 in Fig. 4). This indicates that 
the part of the a.c. conductivity of cotton which is not due to d.c. conduc¬ 
tivity is of such a nature that it is strongly affected by the conductivity of 
the aqueous solutions present in the textile. 

There are several factors which tend to make the a.c. conductivity of a tex¬ 
tile greater than its d.c. conductivity. The preceding discussion of capacity 
indicated that the d.c. conduction paths act as an electrolytic cell having a 
large polarization capacity. Associated with the polarization capacity of an 
electrolytic cell is an energy loss which can be represented by an equivalent 
series or parallel resistance. This loss increases with the concentration of the 
electrolyte.^® The equivalent parallel conductance associated with the polari¬ 
zation capacity is therefore able to make a contribution to the total equiva¬ 
lent parallel conductance of a cotton sample which satisfies the requirement 
of dependence on electrolyte content mentioned in the preceding paragraph. 
Further, if the direct-current conduction paths have a regularly distributed 
geometric capacity (Fig. 3) as suggested in the discussion of capacity, there 
will be an energy loss associated with the charging currents necessary to charge 
this distributed capacity; this can also be represented by an equivalent paral¬ 
lel conductance. The equivalent parallel conductance of a textile sample may 
therefore be considered as given by 

G = Gi + G2 + Gs + G4, 

where Gi is the direct-current conductance, and G2, Gs and G4 the equivalent 
parallel conductance corresponding respectively to the energy losses asso¬ 
ciated with the polarization capacity of the water-paths through which the 
direct-current conduction takes place, with the distributed geometric ca¬ 
pacity of these water-paths, and with dielectric absorption due to inhomo¬ 
geneity of the dielectric or to inelastic dielectric polarization. Gi predomi¬ 
nates in cotton at humidities above 70-80%, G2 and Gs may be the largest 
factors at intermediate humidities, and G4 may be the most important factor 
at very low humidities. Dielectric losses are given by 

G = (Gi + G2 + Gs + G4), 

where E is the effective value of the alternating voltage. 

Several properties of the curves in Fig. 4 can be explained on the basis of 
the above division of the a.c. conductivity into components which depend 
to different extents on the moisture and electrolyte content of the textile. It 
would be expected that the a.c. conductivity of samples of different electro- 
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l3rte content, but otherwise similar, would converge toward practically the 
same value at o% humidity; and it is evident that in Fig. 4, curve i ap¬ 
proaches curve 2, and curve 3 approaches curve 4 with decreasing humidity. 
The minimum value of the a.c. conductivity should occur at 0% humidity 
and the maximum at 100%; the maximum should be higher the greater the 
electrolyte content of the textile. Consequently, the average slope of the a.c. 



Fig. 5 

of Humidity on the Rate of Variation of the A.C?. Conductivity (and Dielectric 
Loss) of Cotton with Frequency. (G = G^ f*»). 

1. Samples of normal electrolyte content. 

2. Samples of low electrolyte content. 

Plotted from Table IV 

conductance curve for a sample of normal electrolyte content should be greater 
than that for a sample of low electrolyte content. This explains the fact that 
the a.c. conductivity curves for samples of different electrolyte content are not 
parallel, though those of samples of the same electrolyte content are parallel, 
even when of very different form (in Fig. 4 the a.c. conductivity curves for 
Tirated Pairs I and Threads I are parallel, but diverge from those for Twi.sted 
Pairs II and Threads II). The fact that the a.c. and d.c. conductivity curves 
commence to diverge at a higher humidity for samples of low electrolyte con¬ 
tent than for those of normal electrolyte content is probably due to the a.c. 
conductivity of a sample of low electrolyte content containing a smaller d.c. 
conductivity component than the a.c. conductivity of a sample of normal 
electrolyte content. 
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Table II shows that the equivalent parallel conductance of cotton in¬ 
creases with frequency, but at a decreasing rate as the humidity is increased, 
becoming independent of frequency at very high humidities as would be ex¬ 
pected from the fact that the a.c. conductivity is then practically all d.c. 
conductivity. The results of some theoretical and experimental investiga¬ 
tions indicate that the variation of the a.c. conductivity of a dielectric with 
frequency is given by 

G = Gor, 

where G© and n are constants and f is the frequency .22 The values of n for 
cotton as calculated from the data in Table II are shown in Table IV and 
Fig. s- It is evident that n is an approximately linear function of the hu¬ 
midity in the range for which data are available. The variation of n with 
humidity is largely due to the fact that the a.c. conductivity contains a d.c. 
conductivity component which is independent of frequency. Table II shows 
that at 73% humidity n is smaller for samples of normal electroly1;e content 
than for those of low electrolyte content. This is due to the fact that the d.c. 
conductivity forms a larger part of the total a.c. conductivity for the former. 

Table IV 


A.C. Conductivity and Dielectric Loss as a Function of Frequency and 

Humidity: G = Gof“. 

n 



Relative 

Humidity 

500-2000 

500-1000 

1000-2000 

Sample 

Percent 

cycles/sec. 

cycles/sec. 

cycles/sec. 

Twisted Pairs I 
(Normal 

50.5 

.42 

.48 

•36 

Electrolyte 

59-0 

•37 

•33 

•41 

Content) 

730 

.18 

.08 

.28 

Twisted Pairs II 

38.8 

.66 

•74 

.58 

Low Electro¬ 

50.5 

•50 

•44 

.56 

lyte Content) 

59.0 

•45 

•42 

.48 


73-0 

•35 

— 

— 


79.1 

•30 

•25 

•35 


88.4 

. 12 

.08 

•17 


98.6 

.01 

•03 

— 

Cotton Threads II 

50.5 

— 

— 

1-37 

(Low Electro¬ 

730 

— 

— 

0.16 

lyte Content) 

88.4 

— 

— 

0.04 


98.6 

0.0 

— 

— 


”The lowithmic plot of the present data for the variation of equivalent parallel 
capacity and conductance with frequency indicates that for the limited range of frequency 
investigated the capacity is given approximately by C =* Cof“” and the conductance by 
G ae However, the measurements were not made at a sufficient number of different 
frequencies to regard them as a confirmation of these relationships, and the data are in¬ 
tended to show chiefiy the effect of humidity and electrol3rte content on the rate of change 
of capacity and conductance with frequency. 
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One of the reasons for the variation of the equivalent parallel conductance 
of a textile sample with frequency is the fact that the equivalent parallel con¬ 
ductance of an electrolytic cell increases with increasing frequency.^® Other 
components of the total a.c. conductivity also vary with frequency. In most 
cases the same cause, in principle, is responsible for their variation with fre¬ 
quency, namely, that the method of measurement consists in balancing a 
capacity shunted by a resistance against a sample which consists of a more 
complex network which has capacities in series with resistances.^® Though the 
components of the a.c. conductivity may follow a similar law of variation with 
frequency they probably vary at different rates. The relative prominence of 
each component should depend on the humidity. The variation of dielectric 
loss with frequency is given by 

W = Wof", 

where Wo is a constant and n has the same value as in the preceding equation. 

Table V shows that similar relations apply to the a.c. and d.c. conduc¬ 
tivity of silk as have already been discussed for cotton. These relationships 
are also probably applicable in a general way to other textiles and moisture 
absorbing materials. 


Table V 

The A.C. (^conductivity of Silk as a Function of Humidity and Electrolyte 
Content and its Relation to the D.C. Conductivity 

The data are equivalent parallel conductances at 1000 cycles/sec. and the d.c. 
conductance at 100 volts. They are for a single thread sample. Conduct¬ 
ances are in micromhos. Temperature 2 5°C. 


Relative 

Silk Threads 1 


Silk Threads 11 

Humidity 

(High Electrolyte Content) 

(Low Electrolyte Content) 


D. C. 

A. C. 


D. C. 

A. C, 

70.8 

4.31 X io-« 

— 


3.5 X 10-* 

— 

730 

7.25 X 10-^ 

— 


5-1 X 10-® 

— 

75-5 

1.13 X io~® 

2 -54 X 

io-‘ 

7.2 X io-« 

— 

79.1 

1.17 X io“< 

2.03 X 

IO~^ 

6.1 X io~^ 

— 

85.2 

1.79 X io~’ 

2.98 X 

IO-» 

9.9 X io~* 

2.92 X 10“^ 

88.4 

5.92 X 10“’ 

7 -47 X 


2.86 X io~® 

5.00 X io“® 

92.0 

1.42 X 

2.94 X 

10-2 

1.52 X lo-* 

1.84 X 10“"^ 

96.3 

1.24 X io“‘ 

1-57 X 

IO~* 

1.53 X 10-’ 

1.83 X 10-® 

98.6 

a)4.2 X 10-* 

3 83 X 

io-‘ 

b)4.63 X io~® 

5.32 X 10“® 


a) Too large on account of Evershed effect or experimental error. 

b) Too small due to polarization error. 


The equivalent parallel conductance of a simple network consisting of |a resistance in 
series with a capacity varies with frequency according to 

p Rs (Csw)* ^ 

“ I -f (Re Ce«)* 

where Cg and Rg are the capacity and resistance which are in series. 
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This investigation has led to the following view of the essential nature of 
conduction in textiles: it was shown in the preceding paper' that the direct- 
current conductivity of cotton is apparently completely determined by three 
factors, the amount of absorbed water, its specific conductance (as deter¬ 
mined by the amount of electrolytic material present in the textile), and its 
distribution. These facts are consistent with the view that in direct-current 
conduction a textile such as cotton acts essentially as an electrolytic cell and 
that the only way in which the cotton itself enters into the direct-current con¬ 
duction process is in acting as a container which determines the volume, 
geometric form, and specific conductance of the electrolyte which connects the 
two electrodes. It would be expected that in alternating-current conduction 
the dielectric material (regarding the water for the present as a conductor) 
should play a larger part. But the present results indicate that at very 
high humidities the function of the textile itself is essentially the same as in 
direct-current conduction, i.e., the greater part of both the capacity and con¬ 
ductance are properties of the electrolytic cell formed by the absorbed mois¬ 
ture and the electrodes, the textile iti^lf acting only as a container for the 
electrolyte. At lower humidities, however, the displacement current through 
the dielectric material becomes an appreciable part of the total current, and 
the textile acts as a dielectric in parallel with an electrolytic cell. 

Summary 

The equivalent parallel capacity and conductivity of cotton and silk were 
determined as functions of humidity, amount of electrolytic material in the 
samples, and frequency (in the telephonic range) The a.c. capacity of cotton 
increases very rapidly with increasing humidity, particularly at high humidi¬ 
ties. A decrease in the amount of electrolytic material in the cotton causes 
a very large reduction in the capacity at high humidities. Consideration of 
such facts as these has led to the conclusion that the capacity of cotton at 
high humidities is chiefly due to the electrolytic polarization capacity of the 
water paths through which direct current conduction takes place, these paths 
forming with the electrodes a kind of electrolytic cell. The direct current con¬ 
duction paths may also contribute to the total capacity by having a regularly 
distributed geometric capacity due to regular variations in their thickness, 
as suggested by other facts. 

The a.c. and d.c. conductivities of cotton approach each other as the 
humidity is increased and become practically equal at humidities above 
80-85%. At humidities lower than this the a.c. conductivity is appreciably 
greater than the d.c. conductivity, the d.c. conductivity forming less than 1% 
of the a.c. conductivity at humidities below about 25% for samples of normal 
electrolyte content and at humidities below about 45% for samples of low 
electrol3rte content. The part of the a.c. conductivity which is not due to d.c. 
conductivity is almost as strongly affected by the amount of electrolytic ma¬ 
terial in the textile as is the d.c. conductivity, except at very low humidities. 
This would be explained if an appreciable part of the equivalent parallel 
conductance of a textile is due to the equivalent parallel conductance asso- 
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dated with the polarization capadty of the direct current conduction paths, 
and possibly also with a regularly distributed geometric capacity of these 
paths. The rate of increase of the a.c. conductivity of cotton with fre¬ 
quency becomes smaller the higher the humidity, being practically inde¬ 
pendent of frequency at very high humidities. This is a consequence of the 
fact that the d.c. conductivity forms a larger part of the a.c. conductivity the 
higher the humidity. (The conclusions regarding a.c. conductmty are also 
applicable to dielectric loss to which it is proportional). The above con¬ 
clusions are also applicable in a general way to silk and other moisture ab¬ 
sorbing materials which behave similarly. 

In alternating-current conduction a textile acts as an electroljrtic cell in 
parallel with a dielectric, the conducting water-paths forming the electrolyte 
of the cell. At high humidities the alternating current capacity and conduc¬ 
tivity of a textile (and their variation with frequency and electrolyte content) 
are chiefly due to the electrol3rtic cell component, while at very low humidities 
they are chiefly due to the dielectric, and at intermediate humidities to a 
combination of both. 

The author wishes to thank Dr. H. H. Lowry for helpful advice and criti¬ 
cism of this work. 

BeU Telephone Laboratories^ 

New York 



STUDIES IN ADSORPTION. XXII 

The Adsorption of Alkali and of Cupric Salts in the Precipitation of Cupric 

Hydroxide 


BY M. K. MEHROTBA AND N. R. DHAR 

It is well known that usually the weight of copper oxide obtained from a 
certain amount of copper sulphate by precipitation with sodium or potassium 
hydroxide exceeds the theoretical quantity although the precipitated hy¬ 
droxide is washed free from alkali and sulphate. The reason for this is not 
clearly understood and the available literature on the subject does not con¬ 
tribute to any extent to a quantitative explanation. It is generally believed, 
however, that it is difficult to wash off the adsorbed alkali and by impli¬ 
cation it could be interpreted as a probable cause of the increment observed. 
The present work was undertaken with the object of determining the factors 
responsible for this increase and to investigate the most suitable conditions 
under which copper could be estimated accurately by this method. The pre¬ 
cipitation has been studied both with copper chloride and sulphate using 
sodium and potassium hydroxides as precipitants. 

Experimental 

Seminormal solution of copper chloride was prepared by diluting strong 
solutions standardised against thiosulphate while that of copper sulphate was 
prepared by weighing out required quantity of Kahlbaum^s pure material. 
Solutions of the alkalies were also prepared from Kahlbaum^s pure materials 
and standardised against hydrochloric acid. 


Table I 

Adsorption of NaOH by Cupric Hydroxide 

Amount of CuO = 0.4885 grm. from Cupric Chloride 
” ’’ ** = 0.4899 grm. from Cupric Sulphate 

Total volume =100 cc. 


Original cone, 
of NaOH 
in grams 

0.43214 
0-34S72 
0.25929 
0.17285 
o.08643 
0.06482 
0.04321 
0.02161 


Amount of adsorption 

CuCla + NaOH CuSOi + NaOH 

End concentra- Amount of ad- End concentra- Amoimt of ad- 
tion in grams sorption in grams tion in grams sorption in grams 


0.35501 0.07713 
0.26859 0.07713 
0.18229 0.07700 
0.09673 0.07612 
0.01042 0.07601 
0.00198 0.06294 
0.00159 0.04162 
0.00159 


0.36086 0,07128 
0.27307 0.07265 
0.18527 0.07402 
0.10193 0.07092 
0.01488 0.07155* 
0.00280 0.06202 
0.00240 0.04081 
0.00198 0.01963 


0.02002 
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The adsorption of alkali by copper hydroxide during the course of its 
precipitation was determined as follows:— 25 cc. of N/2 solutions of either 
copper chloride or copper sulphate was taken in 100 cc. measuring flasks to 
which distilled water was added in calculated amounts to bring the total 
volume to 100 cc. on adding definite and measured quantities of alkalies in 
greater amounts than equivalent. The flasks were corked and well shaken 
and were kept for twenty-four hours undisturbed, after which the end con¬ 
centration was determined by titrating the clear supernatant liquid against 
standard hydrochloric acid. As it was observed that quantities of alkalies 
slightly less than the equivalent amount were sufficient to precipitate the 
whole of copper from a definite volume of a solution of cupric chloride or 
cupric sulphate, the adsorption of alkali was studied in such cases as well. 
The results obtained are presented below in Tables I and II and have been 
plotted in Fig. i 


Table II 

Adsorption of KOH by C^upric Hydroxide 
Amount of CuO = 0.4885 grm. from Cupric Chloride 
” = 0.4899 grm. from Curpic Sulphate 

Total volume = 100 cc. 


Original cone, 
of KOH in 
grams 

o.60490 
0.48376 
0.36294 
0.24196 
o,12098 
0.09074 
o.06049 
0.03025 


CxiCh 
End concentra¬ 
tion in grams 

0.50659 

0.39160 

0.26162 

0.13998 

0.02500 

0.00277 

0.00167 

0.00167 


Amount 
4* KOH 
• Amount of 
adsorption 

o. 09831 
0.09216 
o. 10132 
o. 10198 
0.09598 
0.08797 
0.05882 
0.02858 


of Adsorption 

CUSO4 
End concentra¬ 
tion in grams 

0.51658 
0.39660 
0.26996 
0.14831 
0.03166 
o.00448 
0.00277 
0.00277 


+ KOH 
Amount of ad¬ 
sorption in grams 

0.08832 

0.08716 

0.09298 

0.09365 

0.08932 

0.08626 

0.05772 

0.02748 


From Tables I and II it will be observed that considerable amounts of 
both sodium and potassium hydroxide are adsorbed by copper oxide obtained 
either from chloride or sulphate. It will be further noticed that the hy¬ 
droxide obtained from chloride is a better adsorbent than that obtained 
from sulphate. This is due to the smaller size of particles of the hydroxide 
when produced from chloride than that which is produced from sulphate. 
This view will be further supported by experiments to be described later on. 
It may be pointed out, however, that sodium hydroxide is adsorbed more 
than potassium hydroxide although the tables and the graph suggest the con¬ 
trary, In the tables and the graphs the amounts have been shown in grams 
of hydroxide adsorbed but if the result be represented in equivalents the 
greater adsorbability of sodium hydroxide will be clear. It may also be re¬ 
marked that the adsorption of hydroxide in all the cases investigated soon 
reaches a saturation limit. 
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Gravimetric Estimation of Copper 

It is dear from the adsorption experiments that alkali is largely adsorbed 
by copper hydroxide during the course of its precipitation. But, to show that 
this was really responsible for the discrepancy between the observed and 
calculated values referred to in the introduction, it was essential to estimate 
copper gravimetricaJly in presence of an excess of alkali. 

It was observed early in these experiments that the supernatant liquid 
exhibited alkalinity to litmus and phenolphthalein even before the equivalent 
amount of alkali had been added to the copper salt solution. The procedure 
adopted was briefly as follows;— 



Fio. I 

2 5 cc. of the copper salt solution was taken in a beaker to which calculated 
amounts of distilled water were added to bring up the final volume to loo cc. 
The mixture was warmed and then the hydroxide was precipitated by adding 
measured quantities of alkali, the mixture was well shaken and allowed to 
settle and then washed free from alkali and sulphate or chloride, ignited and 
weighed. The results obtained are shown below in Tables III and IV. 

Table III 


Gravimetric estimation of Copper from Cupric Chloride 
Amoimt of CuO (Theoretical) = 0.4885 grams 
Total volume = 100 cc. 


Amount of 

Amount of alkali necessary 

Amount of 

Weight of 

copper taJcen 

for complete precipita¬ 

alkali added 

copper oxide 

in gr. equivalents 

tion in gr. equivalents i 

in gr. equivalents 

obtained 


NaOH 

NaOH 

in grams 

I. 0.0125 

0.0125 

0.01134 

0.4572 

2. 0.0125 

0.0125 

0.01166 

0.4686 

3- 0.0125 

0.0125 

0.02157 

0.4942 


KOH 

KOH 

> 

I. 0.0125 

0.0125 

0.01130 

0.4566 

2. 0.0125 

0.0125 

0.01220 

0.4790 

3* 0.0125 

0.0125 

0.0216 

0.4928 
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Table IV 

Gravimetric estimation of copper as hydroxide from cupric sulphate 
Amount of CuO (Theoretical) = 0.4899 gram. 

Total volume = 100 cc. 


Amount of copper 
taken in 

gram equivalents 

1. 0.0125 

2. 0.0125 

3. 0.0125 

4. 0.0125 

1. 0.0125 

2. 0.0125 

3. 0.0125 


Amount of alkali 
necessary for pre¬ 
cipitation in equiva¬ 
lents 
NaOH 

0.0125 

0.0125 

0.0125 

0.0125 

KOH 

0.0125 

0.0125 

0.0125 


Amount of alkali 
added in equivalents 

NaOH 

0.01099 

0.01246 

0.01513 

0.02157 

HOH 

0.0113 

0.0122 

0.0216 


Amount of 
copper oxide 
obtained in grams 

05524 

0.5524 

0.4987 

0.4982 

0.4943 

0.4945 

0.4926 

0.4926 

0.5220 

0.5014 

0.4930 


It has to be added that with the chloride in the cases of both NaOH and 
KOH in experiments Nos. i and 2 the precipitate was fluffy and crept up to 
the edges of the crucible while the oxide was being ignited, displaying green 
flame on the edges of the crucible and white fumes were seen escaping, pre¬ 
sumably of cupric chloride. This loss of cupric chloride is probably the cause 
of the low weight of copper oxide in the first two cases in Table III. But in 
the case of sulphate no such phenomena w^ere observable. Instead, it was 
noticed that when an amount less than the equivalent amount of alkali was 
used the resulting oxide after ignition exhibited a whitish appearance but the 
whiteness decreased in intensity with increasing quantities of alkali. An¬ 
other remarkable difference was noticed in the fact that in the case of the 
chloride with lesser quantities of alkali the supernatant liquid after 4 or 5 
decantations turned turbid due to the formation of a sol, filtered slowly, and 
gave a milky filtrate which turned brownish on keeping and produced a 
brown precipitate with K2SO4 and Na2HP04. These observations indicate 
that the sulphate ion exerts a greater cohesive force and produces larger par¬ 
ticles than the chloride can do. This difference of size of the particles in the 
two cases is responsible for the adsorbing powers of the copper hydroxide 
obtained from chloride and sulphate of copper. 

A perusal of the tables shows clearly that instead of obtaining a gradual 
increase in the weight of the final product (copper oxide) formed from sul¬ 
phate with increasing quantities of alkali as was suspected, the opposite 
result is obtained. This unexpected result, together with the observations 
recorded in the paragraph just preceding, when studied in the light of the 
fact that quantities of alkali even less than the equivalent are sufficient to 



220 


M. B. MEHROTA AND N. B. DHAB 


precipitate the whole of the copper from a given volume of its salts tends to 
show that the cause of the increase under question is to be looked elsewhere 
than in the adsorption of alkali by copper hydroxide. Consequently, the 
quantitative investigation of the removal of the ions of the copper salt by 
copper hydroxide was taken up. The effect of the excess of alkali on the 
removal of sulphate ion from solution has also been studied. The results are 
tabulated below:— 

Procedure—Different amounts of copper sulphate solution were measured 
out in four loo cc. flasks. Alkali was added to precipitate in all cases the 
same amount of copper hydroxide thus leaving an excess of the sulphate in 
an increasing order in the series of flasks and the copper was estimated volu- 
metricaUy and sulphate gravimetrically. 


Table V 

Adsorption of SO4 ions by cupric hydroxide 
Amount of CuO = 0.4899 gram. 

Total volume = 100 cc. 




Amount of Adsorption 


Original concen¬ 

CUSO4 -f NaOH 

CUSO4 4 - KOH 

tration of SO4*' 

End concentra¬ 

Amoimt of 

End concentra¬ 

Amount of 

in grams 

tion in grams 

adsorption 

tion in grams 

adsorption 



in grams 


in grams 

0.70752 

0.60708 

0.10044 

0.59639 

0.1113 

00 

d 

0.62230 

0.20314 

0.62230 

0.20314 

0.94336 

0.75268 

0.19068 

0.73623 

0.20713 

1.06128 

0.86784 

0.19344 




Table VI 

Adsorption of copper ion by cupric hydroxide 
Amount of CuO = 0.4899 gram. 

Total volume = 100 cc. 


Amount of 


Amount of Adsorption 


copper in grams 

CUSO4 

+ NaOH 

CUS04 

4 KOH 

onginal concen¬ 

End concentra¬ 

Amount of 

End concentra¬ 

Amount of ad¬ 

tration 

tion in grams 

adsorption 

tion in grams 

sorption in 



in grams 


grams 

0.07185 

0 

0.07185 

0 

0.07185 

0.14995 

0.02066 

0.12929 

0.01590 

0.13405 

0.22806 

0.09219 

O-13587 

0.09060 

0.13746 

0.30617 

0.15895 

0.14722 

0.15895 

0.14722 


The adsorption of copper and chloride from solutions of copper chloride 
could not be determined as the solution remained clear in only one case;, 
while, in others with increasing amounts of copper chloride the supernatant 
liquid became turbid exhibiting a milky appearance with a greenish tinge. 
This was due to copper oxide having been peptised to a positively charged sol 
which could be precipitated into a green mass with K2SO4 and,Na2HP04. 
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Table VII 

Adsorption of SO4 ion in presence of excess of alkali 
Amount of CuO = 0.4899 grams. 

Total volume =100 cc. 




Amount of Adsorption 


Amount of 

Original 

CUSO4 + NaOH 

CUSO4 + KOH 

alkali in concentration 

End concen¬ 

Amount of 

End concen¬ 

Amount of 

excess of 

of SO4" 

tration in 

adsorption 

tration in 

adsorption 

gr. equivalent 

in grams 

grams 

in grams 

grams 

in grams 

~0.00108 

0.58960 

0.48566 

0.10394 

— 

— 

0 

0.58960 

0.55262 

0.03698 

0.56233 

0.02727 

+ 0.00115 

0.58960 

0.56825 

0.02135 

— 

— 

+0.00337 

0.58960 

0.57286 

0.01674 

0.57911 

0.01049 

+ O.OOSS 9 

0.58960 

0.58322 

0.00638 

— 

— 



Fig. 2 

Table VII contains the results of the amount of SO4 ion removed in pres¬ 
ence of an excess of alkali. It will be noticed that even at the point where 
equivalent amount of alkali is added the quantity of sulphate adsorbed is 
sufficient to vitiate the final weight of copper oxide produced on ignition. 
In order to present the results more effectively they have been plotted in 
Fig. 2. 

Incidentally we have investigated the amount of adsorption of alkali 
by different amounts of copper hydroxide. Our experimental results tabu¬ 
lated below show that the greater the amount of hydroxide the greater is 
the adsorption. 

Our experimental results given in Table IV show that the weight of copper 
oxide obtained when the amount of alkali added is less than the equivalent 
weight is much higher than the calculated amount of copper oxide. These 
results are due to the adsorption of copper sulphate by the freshly precipi¬ 
tated cupric hydroxide. Now, on increasing the amount of alkali the amount 
of cupric oxide obtained goes on decreasing and approaches more and more 
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Table VIII 


Adsorption of alkali by different amounts of cupric hydroxide 
Total volume = loo cc. 

CuCl, + NaOH 


Amount of 

original 

End concen¬ 

Amount of 

X 

copper oxide 
in grams 

concentration 
of alkali 
in grams 

tration of 
alkali in 
grams 

adsorption in 
grams 

m 

0.29310 

0.43214 

0.37947 

0.05267 

0.179 

0.4885 

0.43214 

0.35491 

0.07723 

0.158 

0.6839 

0.43214 

0.32887 

0.10327 

0.165 

0.8793 

0.43214 

0.30134 

0.13080 

00 

M 

d 

1.0747 

0.43214 

0.27158 

0.16056 

0.158 


Table IX 

Adsorption of alkali by different amounts of cupric hydroxide 


Total volume 

= 100 CC. 




Amount of 

Original 

End concen¬ 

Amount of 

X 

copper oxide 

concentration 

tration of 

adsorption 

m 

in grams 

of alkali 

alkali 

in grams 



in grams 

in grams 



0.2931 

0.43214 

0.40000 

0.03214 

0.109 

0.4885 

0.43214 

0.36086 

0.07128 

0.146 

0.6839 

0.43214 

0.34598 

0.08616 

0.127 

0.8793 

0.43214 

0.32619 

0.10595 

0.120 

1.0747 

0.43214 

0.29523 

0.13691 

0.127 


the theoretical amount. This is probably due to the fact that the concen¬ 
tration of unacted copper sulphate and along with it the amount of adsorption 
decreases with increasing amounts of alkali though the amount of adsorbent 
(CuO) goes on increasing. Along with the adsorption of copper sulphate, 
the adsorption of sodium sulphate or potassium sulphate which is a product 
of the chemical change also takes place. 

From our experimental results given in Tables V and VI, it will be seen 
that cupric hydroxide in the course of its formation adsorbs appreciable 
amounts of both copper ions and wlphate ions. Now, if we calculate the 
formula of the adsorption compound on the basis of our experiments on the 
adsorption of the sulphate ion we find evidence of the existence of the fol¬ 
lowing two compounds, 6 Cu(OH)2, CUSO4 and 3 Cu(OH)2, CUSO4. Both 
these basic sulphates have been described in the literature on basic copper 
sulphates. Our results on the adsorption of SO4 ion by cupric oxide seem to 
support the existence of the above two basic sulphates. 

In precipitating from boiling solutions with the amount of alkali less 
than equivalent we have found that the cupric hydroxide formed becomes 
black. In a previous paper^ published from these laboratories, it was shown 
that the cupric hydroxide does not turn black even at the temperature of 

* Chatterji and N. R. Dhar: Trans. Faraday Soc., October (1920). 
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boiling water if there is a trace of cupric ion in solution. Consequently, the 
fact that the copper hydroxide obtained by an insufficient quantity of alkali 
turns black on wanning shows that all the copper has been precipitated in 
spite of the fact that the amount of alkali was less than that necessary for 
complete precipitation of the copper. 

From the experiment No. 1 given in Table IV if we calculate the composi¬ 
tion of the basic salt, assuming that one is formed, the formula comes out to 
be IS Cu(OH) 2, CUSO4. Now this substance undergoes hydrolysis in boiling 
water and is converted into cupric hydroxide which turns black. Con¬ 
sequently we are of opinion that the so-called basic salts containing small 
quantities of copper sulphate along with large one of cupric hydroxide are 
really cupric hydroxide stabilised by the adsorption of small amounts of 
copper sulphate. 

It is very difficult to state precisely how many basic cupric sulphates 
actually exist; an overwhelmingly large number of basic sulphates has been 
described in the literature.^ Unfortunately our experimental results are not 
numerous enough for actually verifying the accuracy of the large number of 
basic sulphates that are supposed to exist, but from our experiments we are 
led to conclude that the basic sulphate 3 Cu(OH) 2,CuS04 is stable and is likely 
to form readily, from solutions containing a large excess of copper sulphate. 

A very interesting fact to be noticed is that if we express the amount of 
adsorption of copper and sulphate in gram equivalents we find that the 
amount of copper and sulphate adsorbed are equal within the limits of ex¬ 
perimental error. 

Now, in all these cases the precipitation took place in presence of both 
cupric sulphate and sodium or potassium sulphate which is a product of the 
chemical change. It could be argued that sodium or potassium sulphate 
would also be adsorbed by cupric hydroxide during the course of its precipi¬ 
tation ans if it were so, our experimental results should have shown a greater 
adsorption of sulphate than that of copper. But as a matter of fact with 
both NaOH and KOH the amount of adsorption of copper and sulphate 
expressed in equivalents is practically equal in all cases. This should not 
be taken as a contradiction to what we have previously said about the prob¬ 
able adsorption of sodium or potassium sulphate, being a product of reaction 
between copper sulphate and sodium or potassium hydroxide. The present 
results only lead to the inference that in the presence of a large excess of 
copper salt it is only the copper ion which is more effective and readily ad¬ 
sorbed, and sodium or potassium ions are not appreciably adsorbed. This 
is quite natural because, copper being a component of Cu(OH)2 more of 
cupric ions would be adsorbed than sodium or potassium ions, in accordance 
with recorded experimental fact that a substance adsorbs preferentially the 
ions entering into its composition. Consequently from a mixture containing 
a large excess of copper salt more of cupric ions will be adsorbed than that of 
sodium or potassium. 

^ Mellor: ^'Inorganic and Theoretical Chemistry,” 3 , 261 (1923). 
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From our experimental results we conclude that in the estimation of 
copper from cupric salt solution there is more likelihood of introducing error 
when the amount of alkali added is less than the theoretical amount rather 
than when an excess of alkali is used. Of course, a very large excess of alkali 
will certainly lead to higher results because of its adsorption and rentention 
by cupric hydroxide. 

It maybe inferred from results given in Tables I and II and plotted in Fig. 
I that the saturation effect indicates the formation of a compound between 
cupric oxide and alkali. But our results on the gravimetric estimation of 
copper as hydroxide in presence of excess of alkali show that the excess of 
alkali can be washed off. These results thus clearly prove that no stable 
compound is formed between copper hydroxide and alkali for even if one is 
formed it is decomposed in boiling solutions by water. 

Table XI 
K = 400 

Maximum Adsorption = 0.0775 gnns. Maximum Adsorption = 0.074 grms. 

CuCh + NaOH CuSOi + NaOH 


Adsorption 

observed 


Adsorption 

calculated 

Adsorption 

observed 


Adsoiption 

calculated 


0.07713 grms 

0.0770 grms. 

0.07128 grms 

0.0735 grms. 

0.07713 


0.0768 

0.07265 

yy 

0.0735 

yy 

0.07700 

if 

0.076s ” 

0.07402 

yy 

0.0730 

yy 

0.07612 

yf 

0.0756 ” 

0.07092 

yy 

0.0710 

yy 

0.07601 

yy 

0.0725 ” 

0.07155 

yy 

0.0685 

yy 

0.06294 

yy 

0.0644 ” 

0.06202 

yy 

0.0595 

yy 

0.04162 

yy 

0.0302 ” 

0.04081 

yy 

0.0362 

yy 

0.02002 

yy 

0.0302 ” 

0.01963 

yy 

0.0302 

yy 


Table XII 
K = 400 

Maximum Adsorption = o. 099 grms. Maximum Adsorption = o. 094 gnns. 
CuCh + KOH CuSOi + KOH 


Adsorption 

Adsorption 

Adsorption 


Adsorption 


observed 

calculated 

observed 


calcuated 


0.09831 grms. 

0.0974 grms. 

0.08832 grms. 

0.0935 grms. 

0.9216 ” 

0.0973 ” 

0.08716 

yy 

0.0933 

yy 

0.10132 ” 

0.0970 ” 

0.09298 

yy 

0.0930 

yy 

0.10198 

0.0962 ” 

0.09365 

yy 

0.0925 

yy 

0.09598 ” 

0.0944 ” 

0.08932 

yy 

0.0875 

yy 

0.08797 ” 

0.088s ” 

0.08626 

yy 

0.0630 

yy 

0.05882 ” 

0.0532 ” 

0.08626 

yy 

0.0696 

yy 

0.02858 ” 

0.033211 ” 
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In a recent paper we have deduced an adsorption equation 

_jKcy^ 

I + (KC)^^“ 

where a is the amount of adsorption, A is the maximum adsorption, K is a 
constant, the latter depends on the electrical nature of the adsorbent and also 
on the viscosity of the medium, C is the end concentration and n the valence 
of the ion adsorbed. From the equation the adsorption corresponding to any 
end concentration can be calculated. 

We have applied the above equation to our experiments on the adsorption 
of alkali by copper hydroxide during the course of its precipitation and the 
results are recorded below in Tables X and XI. It will be observed that our 
results support the equation. 


Siunmary 

1) Experimental results show that the hydroxides of sodium and potas¬ 
sium are highly adsorbed by cupric hydroxide in the course of its precipi¬ 
tation. 

2) C'upric hydroxide prepared from cupric chloride is a better ad¬ 
sorbent than the hydroxide obtained from cupric sulphate. 

3) Both cupric ions and sulphate ions are adsorbed by cupric hydroxide. 
The two ions are in equivalent proportion. Cupric chloride is also adsorbed 
by cupric hydroxide but it volatilises when the hydroxide is ignited. 

4) Quantities of alkali slightly less than the equivalent amounts can 
effect complete precipitation of copper from cupric salts. This is due to the 
adsorption of cupric salts by cupric hydroxide. 

5) The experimental results on the adsorption of cupric sulphate by 
cupric hydroxide support the existence of the basic salt 3 Cu(0H).>CuS04. 

6) The adsorption equation 

(KC) 

a = A when ^a^ is the amount of adsorption, A is the maximum 

I + (KC) 

adsorption and K is a constant, is applicable to the results obtained in the 
adsorption of hydroxides of sodium and potassium by cupric hydroxide. 

Chemical Laboratory, 

AUahabad University^ 

AUahabadf 

India. 

August SI, 1927, 



THE ABSORPTION OF OXYGEN BY RUBBER 


G. T. KOHMAK 

It is generally believed that the most important factor in the aging of 
rubber is the absorption of oxygen from the atmosphere. It is also generally 
agreed that no entirely satisfactory accelerated aging test for rubber goods 
is available. Because of the increasing importance of rubber in modern in¬ 
dustry it is essential that a knowledge of the mechanism of the absorption of 
oxygen by rubber be available not only for the development of tests which 
will accurately foretell the natural life of rubber goods, but also for the 
development of rubber compounds of superior aging qualities. It is sur¬ 
prising how little such information is available and how many conflicting 
views concerning the influence of oxygen absorption on the aging of rubber 
exist. 

In view of the very complete survey of the literature dealing with aging 
prior to 1921 made by Dr. Geer^ in his paper concerning the well-known aging 
test developed by Geer and Evans,^ it seems unnecessary to include a com¬ 
plete review in this paper. Since the work to be reported in this paper was 
completed, Tener, Smith and Holt® have reported on a study of the aging of 
rubber made at the Bureau of Standards and have included a review of the 
literature. The earliest paper referred to in these bibliographies is that by 
Spiller,^ but reference should also be made to a still earlier paper by Hof- 
man® who studied the changes taking place in gutta percha during its natural 
life. He concluded that gutta percha absorbs oxygen from the air and 
simultaneously changes into a hard brittle material. 

The work reported in this paper deals with the absorption of oxygen 
by rubber and the physical changes associated therewith, and is therefore 
rather closely related to that of Peachy® and of Peachy and Leon.^ Since the 
work here reported was completed Leon and Lister® have published an ac¬ 
count of a continuation of the earlier work of Peachy and Leon. These in¬ 
vestigators had no means for keeping the pressure constant throughout the 
reaction and their rate curves as a result contain irregularities which cannot 
be interpreted. Also, in most cases the samples used by them were deposited 
as films from solution and may not have been in the same physical state as 
the original material. The method used in the work here reported provides 

^ India Rubber World, 1921 , 887. 

* Rubber Age, 11, 345 (1922). 

* Technologic Paper of the Bureau of Standards, No, 342. 

^ J. Chem. Soc,, 18 , 44 (1865). 

® J. Chem. Soc., 13 , 87 (1861). 

® J. Soc. Chem. Ind., 1103 (1912). 

^ J. Soc. Chem. Ind., 37, 55T (1917). 

* J. Soc. Chem. Ind., 46 , 220T (1927). 
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for constant conditions of oxygen pressure and of temperature throughout 
the determination and is described in detail later. 

Eaton and Day® attempted to study the absorption of oxygen at room 
temperature by following the change in weight of samples exposed to oxygen, 
but concluded that the change in weight did not represent the amount of 
oxygen absorbed because of losses of volatile oxidation products from the 
samples. Their curves are of interest, however, in that they show that the 
oxidation of rubber at room temperature is autocatalytic. Joncs,^® Hen- 
riques^^ and Ditmar'^ find also that the gain in weight of samples is not 
proportional to the amount of oxygen absorbed as volatile oxidation products 
are given off. Ditmar finds that in some cases samples actually lose weight 
during oxidation. 

Bruni^® studied the absorption of oxygen by sealing samples in glass tubes 
containing oxygen, but in this case rates have very little significance as the 
progressively diminishing pressure of oxygen in the tubes was not followed 
during the reaction. Marzetti^^ studied the absorption of oxygen by sealing 
samples up in tubes containing known amounts of oxygen and measuring the 
residual amount of gas left in the tubes after keeping them at high tem¬ 
perature for some time. He finds that the various tendencies for different 
rubbers to age depend upon the rates with which oxygen is absorbed. Others 
who consider natural aging as the result of absorption of atmospheric oxygen 
are Miller,^® Burghardt,'®, Ahrens^’ and Jones.'® On the other hand. Parks'^ 
considers aging a more complex phenomenon. Asano'® finds that raw rubber 
exposed to light in the absence of oxygen undergoes a change. Jecusco,-® 
however, does not entirely agree with Asano upon the effect of light. Ber- 
trand^' believes that tackiness may be due to a kind of fermentation caused 
by an organism. Tener, Smith and Holt^ believe that internal changes which 
deteriorate rubber take place in the absence of oxygen. Their results will 
be discussed later. 

The general conclusion of those who have studied the aging of rubber is 
that the absorption of oxygen, if not the sole cause of natural aging, is the 
most important factor. The two most widely used accelerated aging tests, 
the Geer^ test and the bomb test developed by Bierer and Davis, have been 

® J. Soc. Chem. Ind., 38 , 3339T (1919). 

Ind. Eng. Chem., 17 , 871 (1925). 

Chem. Ztg., 19 , 235 (1895)* 

“ Gummi Ztg., 20, 628 (1906). 

India Rubber J., 63 , 814 (1922). 

‘*Giom. chim. ind. applicata, 5 , 122 (1923). 

J. Chem. Soc., 18 , 273 (1865). 

J. Soc. Chem. Ind., 2, 119 (1883). 

Kunfltstoffe, 3 , 478 (1914). 

Rubber Age, 7 , 64 (1926). 

India Rubber J., 70 , 307 (1925). 

Ind. Eng. Chem., 18 , 420 (1926). 

India Rubber J., 35 , 620 (1908). 

** Ind. Eng. Chem., 16 , 711 (1924). 
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developed on this basis. However, as pointed out by Glancy,^ Vogt,^ Park^® 
and later by Tener, Smith and Holt,^ these tests are not entirely satisfactory. 
The extent of aging in these tests is determined by measuring the deterioration 
of tensile strength, and it is probable that changes in tensile strength under 
the conditions of these tests are not always proportional to extent of chemical 
degradation. Additional curing at the temperatures of the tests is known to 
result in an increase in tensile strength during the tests even though the 
samples have absorbed oxygen and aged. Also tensile strength measure- 



Fia. I 

Photograph of Absorption Apparatus 


ments cannot be made highly accurate and are subject to gross error in some 
cases. Suitable samples are not always available, and since the test destroys 
the sample repetition of the test at intervals involves the assumption that 
all of the samples of a series originally have the same tensile strength. 

The work here reported was planned to show the relation between natural 
aging of rubber and rate of oxygen absorption with the object of developing 
an accelerated aging test based directly on rates of oxygen absorption. To 
show this relationship the effect on oxygen absorption of several of those 
factors which are known to influence the natural aging of rubber have been 
studied. The results obtained have encouraged us to make a more coiuplete 

** Ind. Eng. Chem., 17 , 869 (1925). 

Ind. Eng. Chem., 17 , 870 (1925). 

^ Rubber Age, 7 , 64 (1926). 
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investigation of the mechanism of oxygen absorption. The factors discussed 
in this paper include the following: 

1. Surface Area; 

2. Cure; 

3. Effect of Milling; 

4. Effect of Anti-agers; 

5. Effect of Ozonized Oxygen; 

6. Effect of Absorbed Oxygen on Tensile Strength; 

7. Effect of Heating in Inert Gases on Tensile Strength. 



Detailed Sketch of One System of the Apparatus shown in Fig. i 

The apparatus used involves special means for keeping the oxygen pres¬ 
sure surrounding the sample constant as preliminary experiments showed 
that in a system of constant volume small enough to permit sufficiently ac¬ 
curate measurement of absorbed oxygen the pressure cannot be considered 
constant during the experiment. The apparatus used is shown in Fig. t. 
It consists of six individual systems making it possible for six determinations 
to be made at one time. The construction of one of the systems is shown 
in detail in Fig. 2. The sample is placed in bulb A attached to the apparatus 
by means of the ground-glass joint and mercury seal G. The bulb, when 
attached to the apparatus, is connected to the gas burette Z through the 
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three-way stopcock S3, and also to a manometer and vacuum line through the 
two-way stopcock S2. The gas burette is surrounded by a water bath H and 
the sample bulb A immersed in a thermostat for temperature control. In 
place of the usual mercury reservoir, a reservoir Y, connected to a pressure 
regulating cell D through the stopcock Si, is used. This cell consists of a bulb 
of approximately 20 cc volume into which are sealed two platinum electrodes 
N, and functions by regulated electrol5rtic generation of gas within it. A 
concentrated solution of oxalic acid is used as the electrolyte as it was found 
that the electrolysis of most inorganic acids and salts results in the liberation 



A. Compound 90% smoked sheet, 6 hour cure 

B. Compound 90% smokedfsheet, 4 hour cure 

of gases which corrode and contaminate the mercury in the reservoir Y and 
gas burette Z. Sodium hydroxide solutions were tried but it was found that 
with time the platinum electrodes loosened up in the glass, probably due 
either to the action of alkali on glass and platinum, or to the alloying of 
sodium with platinum. 

The manometer P is constructed so as to make possible a making and 
breaking of an electrical contact at the electrode F when the pressure in the 
system fluctuates. The double construction avoids the corrosion of con¬ 
tacts which would result if arcing occurred in pure oxygen. The ground-glass 
joint J also facihtates the adjustment of mercury levels and makes it possible 
to remove the manometer for cleaning and adjustment without interrupting 
the experiment. 

Experimental Procedure 

A determination is begun by pumping out the sample and burette through 
the stopcock S2, the position of the mercury reservoir being so adjusted" that 
the atmospheric pressure admitted by removing the core of the stopcock Si 
raises the level of mercury in the burette just to the stopcock Ss. When the 
sample has been thoroughly pumped out, as determined by noting the con- 
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stancy of the mercury level in the gas burette with stopcock S2 closed, oxygen 
is admitted to the burette and sample bulb through the tube O and the pres¬ 
sure in the system is adjusted by means of the reservoir Y to equal the at¬ 
mospheric pressure when the gas burette is full. The final pressure adjustment 
is made by removing the removable half of the manometer and changing the 
position of the mercury reservoir until the mercury in both limbs of the other 
half of the manometer is at the same height. The removable portion of the 
manometer is then attached, the plug of stopcock Si inserted and the gas 
volume, temperature and atmospheric pressure recorded. As the sample 



Reproducibility of Results 
90% smoked sheet, 10% sulfur (jured 2 hours. 

Curve B is curve A corrected for the decomposition reaction. 


absorbs oxygen and the pressure in the system drops, contact will be made 
at F, closing the circuit consisting of the 6-volt battery E, the pressure con¬ 
trolling cell D and the mercury in the manometer. The gas pressure gener¬ 
ated by the electrolysis of the oxalic acid solution forces the mercury up the 
burette until the pressure in the sample bulb A is atmospheric, when the 
circuit will be broken. It is possible to recharge the burette with oxygen as 
often as necessary through the tube O without interrupting the experiment. 
In case it is desired to determine the amount of oxygen physically absorbed 
by the sample the gas is first measured in the gas burette before admitting it 
to the sample bulb. Knowing the total volume of the system makes it pos¬ 
sible to calculate the amount of oxygen absorbed. 

Experimental Data 

General Nature oj Results, —Figs. 3 and 4 show the general nature and 
accuracy of the results obtained. The autocatalytic nature of the reaction 
is plainly seen, the rate of absorption increasing rapidly during the early 
stages. These curves appear to be of the same type as those obtained by 
Eaton and for the gain in weight of rubber during natural aging, and 
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this similarity is regarded as evidence that the reactions occurring at 8o®C 
in pure oxygen are the same as those which result in natural aging. The 
curves as a whole can be reproduced with an accuracy considerably better 
than 10% as the figures indicate, but occasionally during the part of the re¬ 
action where the autocatalytic effect is greatest duplicate samples follow 
slightly different curves. This is probably due to slight variations in con¬ 
ditions during the first part of the reaction, resulting in slight differences 
in rates of oxidation which persist and become greatly magnified during the 
remainder of the autocatalytic portion of the curves. During the later 
stages of the reaction these differences become smaller. 

As a rule the samples absorb more oxygen than the theoretical amount 
necessary to saturate the double bonds. The curves tend to approach a 
sloping rather than a horizontal straight line indicating that instead of ap¬ 
proaching an equilibrium amount of oxygen absorbed, a constant rate of 
absorption is approached. This rate has been found to remain practically 
constant for more than looo hours at 8o®C. In most cases when the straight 
line portion of the curve is extrapolated to the time origin it intersects the 
ordinate at very close to one mol of oxygen per CioHie unit. These facts are 
taken to indicate that the mechanism of oxygen absorption consists of at least 
two separate reactions, presumably an addition to the double bonds and a 
breaking down of the molecule. The latter reaction continues after the first 
is complete and is indicated by the formation of water during the reaction. 
During the latter stages of the reaction this water condenses in drops on the 
cool parts of the apparatus and is strongly acidic. Tests for CO2 in the system 
showed not more than a trace. * *• This is in agreement with the observations of 
Marzetti, Dawson and Porritt^® and Thomson.^^ The constant rate of the 
reaction indicates that the curves represent only the early stages of the 
decomposition reaction, as it will be referred to in the following discussion, 
during which concentrations can be considered as remaining constant. If 
the final oxidation products were assumed to be CO2 and water, 14 mols of 
oxygen would be consumed by each CioHw unit. The slope of the latter part 
of the curves indicates that only mol of oxygen has been consumed by the 
decomposition reaction during 1100 hours, and since the concentration of 
oxygen and water in the system has been kept constant the rate of the de¬ 
composition reaction can reasonably be regarded as remaining constant 
throughout the first 1100 hours. 

On the basis of this reasoning a curve can be drawn representing the 
course of the addition reaction alone as has been done in Fig. 4, curve B. 
Curve A represents both the addition and the decomposition reaction as ex¬ 
perimentally determined and the broken line M N' the decomposition re¬ 
action. Curve B was obtained by subtracting from the corresponding 

* Since completing the work here reported definite tests for COs have been obtained 
in certain cases even during the early stages of the oxidation. Correcting for this, how¬ 
ever, ordinarily does not greatly Affect the absorption curves. 

*• Trans. I^. R. Ind., 2,345 (1927). 

J. Soc. Chem. Ind., 4 , 710 (1885). 
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ordinates of curve A amounts equal to the vertical elevation of the line M N' 
above the horizontal line M N which intersects with M N' at the axis of 
zero time. Curve B must, therefore, approach the horizontal line MN asympt¬ 
otically and as in this case the line represents i mol O2 per CioHie unit, the 
results indicate that saturation of the double bonds by oxygen occurs in 
agreement with the observations of Whitby^® and of Pummerer and Burkard.^® 

During the course of the absorption the rubber first becomes tacky, then 
the tackiness disappears and it becomes weak and cheesy throughout. Finally 
it becomes hard and brittle. At 8o®C soft rubber compounds of high rubber 
content were found to become tacky after absorbing from 0.02 to 0.05 mol 



Ttme-Hours 

Effect of Surface Area on Oxygen Absorption Compound, go% smoked sheet, 
10% sulfur cured 2 hours. 


of oxygen per CioHie unit; the tackiness begins to disappear after approxi¬ 
mately 0.5 mol is absorbed and the hard brittle stage is reached after ap¬ 
proximately i.o mol per CaoHw unit is absorbed. At certain stages in the 
reaction some compounds exhibit the checking phenomenon markedly. It 
is felt that checking is due to oxidation of the surface to the hard and brittle 
stage while the inner portion of the rubber is still at an earlier stage of oxidation 
as suggested by King.^*^ On this basis those compounds which react with 
oxygen very rapidly under the influence of light, and which allow oxygen to 
diffuse through them very slowly will surface check to the greatest extent. 
Under these conditions the surface will take up the oxygen before it can reach 
the inner portions and a hard film of oxidized rubber will form on the surface 
while the interior remains relatively unchanged. 


'Tlantation Rubber and the Testing of Rubber,(19^0). 
Ber., 55 , 3458 (1922). 

®®Chem. and Met., 25 , 1039 (1921). 
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Stuface Area 

It was considered advisable to investigate the effect of surface area per 
unit weight of sample on rates of oxygen absorption to determine whether or 
not rates of diffusion might be slower than the rate of combination of oxygen 
and rubber and thus be the controlling factor. A sheet of rubber consisting 
of 90% smoked sheet and 10% sulphur cured two hours at 40 pounds of steam 
was cut up into pieces having areas of 17.3, 39.4 and 43.5 square centimeters 
per gram respectively. The absorption curves determined for these samples 
at 8o®C are shown in Fig. 5. They show that an increase of from 17 to 40 
square centimeters per gram does affect the rate of absorption but that small 
variations in area when it is as large as 40 square centimeters per gram are 
without great effect in the case studied. It is reasonable to assume that when 
the area per unit weight reaches a certain magnitude, rates of diffusion will 
be high enough to keep the rubber particles saturated throughout and will 
then no longer be a factor in the rate of combination of rubber and oxygen. 
Therefore, to make the surface area factor relatively small compared with the 
factors being studied, the area was always made approximately 40 square 
centimeters per gram. 

Effect of Cure 

Two important factors in curing rubber with sulphur can be reasonably 
distinguished; one, the combination of sulphur with rubber, and the other 
the action of heat apart from a change in combined sulphur content. Al¬ 
though these two factors were not studied separately in the experiments to 
be reported the results appear to show qualitativley an effect of each on rates 
of oxygen absorption and will be presented as additonal evidence that natural 
aging and absorption of oxygen at 8o®C are closely related. Many more ex¬ 
periments are required to show definitely the relation of cure to oxygen 
absorption. 

A compound composed of 90% smoked sheet and 10% sulphur was given 
cures of 2, 4 and 6 hours respectively at 40 pounds steam pressure resulting 
in sulphur combining to the extent of 1.9, 4.0 and 5.9% respectively. The 
oxygen absorption curves for these cured compounds and that for raw smoked 
sheet are shown in Fig. 6, curves B, C, D and E. They show that the higher 
the degree of cure the more rapid is the rate of absorption of oxygen within 
the range studied in agreement with the observations of Marzetti,^^ Kirchoff,®' 
and Stevens,*^ and also with the order of natural aging of such a series of 
compounds as determined by general experience. They do not agree, how¬ 
ever, with the effect of cure on rates of oxidation as determined by Weber®* 
from the acetone extract. It is suggested that the acetone extract may not 
be a good measure of oxidation in this case as the difficulty of extraction prob¬ 
ably increases with the degree of cure. If has been found that samples of 
vulcanized rubber which have absorbed large amounts of oxygen are^ ohly 
very slightly soluble in acetone. 

Kolloid-Z., 13 , 49 (1913). 

” J. Soc. Chem. Ind., 40 , 269R (1921); 37 , 305!, 340t (1918); 38 , I93t (1919). 

** India Rubber J., 25 , 639 (1903). 
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There is also shown in Fig. 6, curve A, representing the absorption of 
oxygen by a compound consisting of 95% smoked sheet and 5% sulphur 
which was given a cure of 5.5 hours at 50 pounds steam pressure resulting in a 
combined sulphur content of 4.0%. This sheet was allowed to age naturally 
in the laboratory for a period of 18 months before determining its rate of 
absorption, and because of its overcure it had aged very badly. The purpose 
of this experiment was first to obtain additional evidence of the relation of 
natural aging to oxygen absorption at 8o°C, and second to determine the 
effect of overcure other than that due to combined sulphur. 



Effect of Cure on Oxygen Absorption 
95% smoked sheet, 5% sulfur cured 5.5 hours at 50 # 

B. 90% smoked sheet, 10% sulfur cured 6 hours at 40 # 

C. 90% smoked sheet, 10% sulfur cured 4 hours at 40 # 

D. smoked sheet, 10% sulfur cured 2 hours at 40 # 

E. Raw smoked sheet 

The experimental origin of curve A is the beginning of the solid line. It 
was located with respect to the other curves by assuming that they are all 
members of the same family. Also, as has already been stated, the straight 
line portion of the curve representing the decomposition reaction usually 
passes through the ordinate i.o mol per CioHie unit, and this straight line 
portion is ordinarily not reached until more than i.o mol per CaoHw unit has 
been absorbed. Since the early portion of the experimental curve lacks the 
upward inflection which is characteristic of freshly vulcanized rubber, as 
illustrated by curves B, C and D, it is probable that this had occurred during 
the natural aging period. The complete curve as drawn represents the ab¬ 
sorption which it is assumed would have occurred if an unaged sample had 
been used, the dotted portion on this basis representing the oxygen absorbed 
during the 18 months of natural aging. 

It is to be regretted that data were not also secured for the rate of oxygen 
absorption of this sample when in a freshly vulcanized condition, but the 
apparatus had not yet been developed at that time. We hope to secure such 
comparative figures in the future. 
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If our assumptions are correct, the experimental results show that a very 
close relationship between natural aging and absorption of oxygen at 8o®C 
exists and indicate that the same reactions occur in both cases. The steepness 
of the early portion of the curve as compared with curve B is in agreement 
with the bad aging qualities of compound A which, however, has a lower com¬ 
bined sulphur content than B, thus illustrating the importance of overcure 
aside from its effect upon combined sulphur content. 

It appears, as is shown by curve E for raw rubber, that the t3rpe of ab¬ 
sorption of oxygen in this case is not the same as that for vulcanized rubber. 
The autocatalytic effect, if present at all, is very slight and instead of taking 
up one mol of oxygen per CioHie unit only 1/4 mol is consumed. It has been 
observed by Henriques®^ that raw rubber upon being heated absorbs only 
traces of oxygen, and deVries,^® Stevens®^ and Thomson®^ state that raw 
rubber deteriorates very slowly as compared with vulcanized rubber. Seelig- 
mann, Torrilton and Fauconnet,®® however, state that raw rubber oxidizes 
more rapidly than vulcanized rubber and Jones®"^ finds that pure rubber 
oxidizes very rapidly. 

Curve D for the vulcanized sample of lowest degree of cure appears to be 
intermediate between the type for raw rubber and that for fully cured rubber. 
Since this work was completed a paper by Kirchoff®® has been published 
stating that the oxidation products of under-cured and over-cured rubber 
are not the same chemically or physically. These observations may possibly 
be interpreted to support the belief of Boggs®® that there are three rubber- 
sulphur compounds formed during vulcanization which differ greatly in their 
stability towards oxygen. Additional support to this theory is that rubber 
compounds which contain a considerable amount of an anti-ager do not 
appear to reach the same equilibrium value as those without the anti-ager 
as will be shown later. Boggs maintains that anti-agers are unnecessary 
when the vulcanization is carried out so as to prevent the formation of the 
unstable rubber sulphur compound. 

Effect of overworkmg Rubber before Mastication 

The curves of Fig. 7 show the effect of over-working the raw rubber before 
vulcanization on rates of absorption. The compounds in both cases are 90% 
smoked sheet and 10% sulphur, but compound A was milled 20 minutes 
and B one hour before curing. The over-worked sample absorbs oxygen at 
the fastest rate during the first part of the cure, but crosses curve B before 
saturation of the double bonds occurs. The reason for this effect is not known, 
but it suggests absorption of oxygen during the milling process. 

»<Chem.Ztg., 21,415 (1897). 

^ India Rubbw J., 61 , S61 (1921). 

“ ^'India Rubber and Gutta Percha,” (1910). 

” Ind. Eng. Chem., 17 , 871 (1925), 

»*Kaut8chuk, 1627 , 239-45, 256-61. 

India Rubier World, 76 , 79 (1927). 
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Effect of Anti-Agers 

The study of the effect of anti-agers was made for three purposes: first, 
to determine the mechanism of their action, whether it is a preferential 
absorption effect as some believe^® or a negative catalytic effect; second, to 
obtain additional evidence that rates of oxygen absorption are proportional 
to rates of natural aging; and third, to determine the relative effectiveness of 
various anti-agers. 



Effect of Milling before Curing on Oxygen Absorption ("ompound, 90% smoked sheet, 
10% sulfur cured 2 hours at 40 # 

A. Milled 20 minutes before curing 

B. Milled i hour before curing 


The compound used for this purpose was the following: 

First latex crepe 
Sulphur 
Captax 
Zinc Oxide 
Stearic Acid 


100 parts 


2.5 

0-5 

5-0 


jf 

17 


I .0 


71 


To this compound were added 3% and 0.5^^; of two widely used anti-agers 
which will be designated as A and B. The absorption curves for these com¬ 
pounds and that for the compound without the addition of anti-agers are 
shown in Fig. 8. They show plainly that the action of the anti-agers is not 
preferential absorption but negative catalysis. 

It is interesting to note that a small amount (0.5%) of anti-ager A ap¬ 
pears to accelerate rather than to retard the rate of absorption. The data 
indicate that the curves cross at about 300 hours, up to this time the rate 
being slightly retarded by the anti-ager, but this effect is too small to show 
on the curves as drawn. The accelerating action of small amounts of this 
particular anti-ager was at first doubted, but has been confirmed by re¬ 
peating the experiment. We have been led to surmise that a reaction occurs 
between the anti-ager and the natural inhibitors of oxidation during the vul¬ 
canization process destroying the effectiveness of both. When sufficient anti- 


Rubber Age, 20, 27 (1926). 
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ager is added to react with all of the natural inhibitors, the effect of the 
anti-ager becomes apparent. This explanation appears reasonable because 
during the vulcanization of this particular compound considerable gassing 
occurs indicating a reaction of some kind. The curves also indicate a con¬ 
siderable difference in the effectiveness of the two anti-agers. This effect of 
anti-agers of retarding the absorption of oxygen at So^C is further evidence 
that rates of oxygen absorption at 8o°C are related to rates of natural aging. 

Effect of Ozonized Oxygen 

It is well-known that ozonized oxygen causes rubber to deteriorate very 
rapidly, but no quantitative data on rates of absorption appear to be avail- 



1. 0.0% anti-agw 

2. 0.5% anti-ager A 

3. 3.0% anti-ager A 

4. 0.5% anti-ager B 

5. 3.0% anti-ager B 

able. The apparatus used in the previous experiments was modified by seal¬ 
ing in two platinum electrodes with a separation of inch approximately 
8 inches above the sample. An electrical discharge in oxygen was generated 
between these electrodes by means of a Ford spark coil and a six-volt battery 
thus producing a small concentration of ozone in the system. The sample 
used was the basic compound used in the investigation of anti-agers. Curve 
B, Fig. 9, represents the abmrption of ozonized oxygen by the compound 
and curve A the absorption of pure oxygen. 

As was expected the rate in the case of ozonized oxygen is very much 
faster at first^ but it rapidly decreases and soon crosses the curve for pure 
oxygen. There is no evidence that the reaction is autocatalytic and it ap¬ 
pears to be of a type different from that of the oxygen reaction, as a dif¬ 
ferent equilibrium value is approached. This value is not three times that 
for pure oxygen as would be expected if an ozonide were formed instead of 
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an oxide, but even lower than that for pure oxygen. During the later stages 
of the reaction the ozonized oxygen was replaced by pure oxygen to deter¬ 
mine whether or not pure oxygen would be taken up as vulcanized rubber 
normally does, but no change in rate of absorption was noted. The results 
indicate that ozone causes a permanen tchange in the rubber, protecting it 
against the action of oxygen. They also suggest that the action of ozone 
on rubber prevents the formation or accumulation of the catalyst responsible^ 
for the autocatal3rtic nature of the oxygen reaction. It may even be possible 
to improve the aging qualities of rubber by giving it an ozone treatment. 
The action may be similar to that suggested by Ahrens^' to explain the two 
percent of oxygen which he claims is usually found in raw rubber. He sug- 



Eflfect of Ozonized Oxygen on Oxygen Absorption Curve 

A. Absorption in pure oxygen 

B. Absorption in ozonized oxygen 

C. Absorption of pure oxygen by raw rubber in ozonized oxygen 

D. Curve B replotted dividing the oxygen absorbed by 3 

gests that a protective coating of oxidized rubber is fonned around the latex 
particle which retards further oxidation. These results are similar to those 
published in the recent paper by Kirchoff®® for the absorption of oxygen by 
rubber under the influence of ultra-violet light and suggest that the action 
of ultra-violet light is the production of small amounts of ozone which react 
with the rubber. 

The appearance of the ozone curve, B, suggests a relationship between 
this curve and that for raw rubber in oxygen shown in Fig. 6 and replotted in 
Fig. 9 (curve C) as approximately the amount of oxygen necessary for 
the formation of an ozonide was consumed and the curves have the same 
general shape. If the ordinates of curve B be divided by 3 to allow for the 
difference in the amount of oxygen necessary to form an ozonide and an 
oxide, curve D is obtained. This is not very different from Curve C. 


Chem. Ztg., 36 , 505 (1912). 
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The Relation between Absorption of Oxygen and Deterioration 
of Tensile Strength 

Before rates of absorption of oxygen can be used as a measure of aging 
qualities, the relation between the amount of oxygen absorbed and physical 
deterioration of the rubber must be known. To determine this, tensile 
strength specimens composed of the basic compound used in the study of 
anti-agers were placed in the bulbs of the absorption apparatus and allowed 
to absorb oxygen at 8o®C. Periodically, several of the specimens were re¬ 
moved and measurements of tensile strength and elongation made on them. 
These measured values of tensile strength are shown plotted against the 
measured amounts of oxygen absorbed by the samples in Fig. lo. Along 
with these curves are shown curves obtained in a similar manner when the 
oxygen is replaced by C()2 and by nitrogen. It was hoped that the complete 
tensile strength oxygen absorption curve could be determined, but the 
samples which first became soft and tacky, causing them to settle out of 
shape in the bulbs later became hard and stiff, making it impossible to re¬ 
move them from the bulbs and make accurate measurements of tensile 
strength. Also, when the samples were in the soft and tacky condition they 
would adhere together and finally form one solid mass of rubber. Rates of 
diffusion were then no longer fast enough to allow uniform oxidation of all of 
the samples. As a result the last part of the absorption curve is not the same 
as that for the same compound cut up into small pieces shown in Fig. 8. How¬ 
ever, within the range of practical interest, the two curves are in good agree¬ 
ment. It is believed that if the samples were oxidized further the tensile 
strength would eventually begin to increase somewhat as shown by the 
dotted line as the samples undergo changes during oxidation similar to those 
occurring during vulcanization with sulphur, finally becoming hard and 
brittle. 

The effect of oxygen on tensile strength is very striking, 0.5% by weight, 
decreasing it by nearly 50%. Heating in CO2 and nitrogen first results in an 
increase in tensile strength, probably due to additional vulcanization, and 
then in a very slow decrease which is insignificant compared with the effect 
of heating in oxygen. This decrease was greater in carbon dioxide than in 
nitrogen. It was observed that the samples heated in carbon dioxide changed 
in color uniformly throughout, from %ht yellow to black, indicating that 
carbon dioxide may react in some way with rubber at high temperatures. 
The results are in agreement with those of Marzetti^^ who found that less 
than one percent of oxygen produces profound changes in rubber, while heat¬ 
ing in .inert gases is without appreciable effect. Jones^° found that samples 
sealed up in evacuated tubes and placed in the Geer test remain unchanged 
after 14 days. Gorter^^ observed that rubber in sealed tubes exposed to light 
remains unchanged when the tubes are filled with H2 or CO2. Thomson^^ 
found that after 2.5 years in vacuum, CO2 and hydrogen, no deterforation 
occurred either at room temperature or for shorter periods of time at ioo®C. 


Caout. et G. P., 12, 8724 (1915). 



THE ABSORPTION OF OXYGEN BY RUBBER 


241 


Tener, Smith and Holt^ claim, however, that very marked changes do take 
place in rubber when kept in evacuated tubes. It is suggested that in view 
of the very striking effect of oxygen on tensile strength their results may be 
accounted for by incomplete protection against oxygen. The tubes in which 
their samples were kept were closed by rubber caps through which some 
oxygen might diffuse and the pressure may have been as high as 5 millimeters. 
Also, to remove free sulphur, it was necessary to open the tubes occasionally, 
which would allow oxygen to be absorbed by the samples. The effect may 
also be due in part to further vulcanization because of the large amount of 
free sulphur in the samples. In the experiments here reported the tubes 
were evacuated with a two-vStagc Oowell-McNeill pump to a pressure prob¬ 
ably not greater than 0.01 mm for several hours. Then the tubes were closed 
by means of mercury seals. 



Kelation of Absorbed Oxygen on heating in Inert CJases to 
Deterioration of Tensile Strength 

The first attempt to determine the relation of oxygen absorption to change 
in tensile strength was interrupted by an accident after a period of 30 hours. 
The samples used in this experiment were somewhat under-cured and the 
results obtained, though incomplete, are of interest. Only a slight decrease 
in tensile strength occurred after absorbing oxygen for 30 hours as compared 
wioh the decrease represented by the curve of Fig. 10 for fully cured samples, 
although the rates of absorption were approximately the same in both cases. 
The decrease in tensile strength due to oxygen absorption was hidden by an 
increase resulting from further vulcanization as was shown by the large in¬ 
crease in tensile strength which occurred when similar samples were heated 
in carbon dioxide and nitrogen. This ‘‘after vulcanization’^ of under-cured 
stock often makes it difficult to interpret the results of any accelerated aging 
test, at high temperature which is based on changes in physical properties of 
rubber with time. It is believed that measurements of rates of oxygen ab¬ 
sorption afford a means of distinguishing between under-cure and good aging 
qualities. 
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If the amount of oxygen absorbed as shown in Fig. lo be plotted against 
the corresponding tensile strength, Fig. 11 is obtained. This curve indicates 
first that the decrease in tensile strength of well cured rubber can be con¬ 
sidered as being directly proportional to the amount of oxygen absorbed with 
very little error as long as the rubber possesses sufficient strength to be'of 
practical value; and second, that the absorption curve must be determined 
very accurately to serve to predict the behavior of rubber over a period cor¬ 
responding to its natural life. 

Summary and Conclusions 

In,, order to determine the relation between natural aging and oxygen 
absorption at 8o®C the effects upon oxygen absorption of a number of factors 



which are known to affect natural aging have been studied. A piece of ap¬ 
paratus is described with which it is possible to follow the absorption of 
oxygen at constant pressure, temperature, etc. over long periods of time. 

It has been found that the absorption of oxygen is autocatal3rtic in nature 
and appears to consist of at least two separate reactions—a decomposition 
and an addition reaction. 

The rate of absorption of oxygen at So^C is dependent upon surface area 
when the area is small, but when it is increased to as large as 40 square cen¬ 
timeters per gram, small variations in surface area are without great effect 
probably because under these conditions rates of diffusion are high enough 
to keep the rubber particles practically saturated with oxygen. 

As rubber absorbs oxygen it appears to undergo changes similar to those 
occurring during vulcanization with sulphur. Surface cocking is regarded 
as a preferential surface oxidation. 

The mechanism of oxygen absorption appears to be different for raw 
rubber from that for cured rubber. Curing rubber increases both the rate and 
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amount of oxygen absorption over that for raw rubber, and changes the 
character of the absorption curve. The rate of absorption increases with the 
degree of cure. 

The action of anti-agers is one of negative catalysis rather than one of 
{Referential absorption. The rate of oxygen absorption may be greatly 
retarded by their presence and their effectiveness varies with their con¬ 
centration and constitution. 

The type of absorption of ozonized oxygen differs markedly from that for 
{Mire oxygen. The former is taken up very much more rapidly at first, but the 
rate rapidly decreases and less oxygen is finally taken up than in the case of 
pure oxygen. The action of ozonized oxygen upon rubber appears to protect 
it from the action of pure oxygen. The reaction between rubber and ozonized 
oxygen is not autocatal3d;ic. 

The relation between absorbed oxygen and deterioration of tensile strength 
has been determined and it has been found that as long as well cured rubber 
posseses sufficient strength to be of practical value, the deterioration can be 
considered directly proportional to the amount of oxygen absorbed. 0.5% 
of oxygen decreases the tensile strength by nearly 50%. 

Heating under-cured compounds in inert gases results in an increase in 
tensile strength at first due to a curing action, and then in a slow decrease 
which is insignificant as compared with the effect produced by oxygen. 

The results so far obtained indicate that natural aging is essentially the 
result of absorption of oxygen from the atmosphere. Accordingly, it is felt 
that information concerning rates of absorption of oxygen will be of value in 
predicting the natural life of rubber compounds. 

The writer takes this opportunity to express appreciation of the helpful 
suggestions received from Dr. H. H. Lowry who initiated this work, and for 
the continued interest which he has taken in it; also for valuable advice and 
assistance received from Mr. A. R. Kemp in choosing the compounds studied 
and directing their preparation for me. 

Bell Telephone Laboratories, 

June £3,1928. 



THE EFFECT OF NON-ELECTROLYTES ON THE COAGULATION 
OF COLLOIDS. PART III 

Copper Ferrocyanide Sol. 

BY BUBODH GOBINDA CHAUDHURY AND NIBMALA PADA CHATTEBJBB 

In Parts I and IF it has been shown that the effect of a non-electrolyte 
on the coagulation of colloids by electroljrtes depends mainly on a change in 
two physical factors: 

(1) A change in the dielectric constant of the medium, and 

(2) A change in the solid-liquid interfacial tension. The effect of file 
diminution of the dielectric constant is in general to sensitise the sol, whereas 
the effect of the diminution of surface tension is to stabilise it. On the baas 
of these considerations wc have explained the apparent paradox of higher 
adsorbability and lower coagulation power. 

The considerations hold only for those cases, where there is no chemical inter¬ 
action when the non-electrolyte is added and also where the presence of the non¬ 
electrolyte does not influence the specific adsorbabilities of the ions. 

The present work was undertaken with a view to investigate more fully 
the case of copper ferrocyanide hydrosoP. The effect of adding the following 
substances, methyl alcohol, ethyl alcohol, urea, cane sugar, gelatin, acetic 
acid on the coagulating concentrations of the electrolytes, hydrochloric acid, 
sulphuric acid, citric acid, potassium chloride, barium chloride, and aluminium 
chloride, have been studied. 

Experimental 

Preparation of the Sol. 

The sol was prepared by precipitating copper ferrocyanide by mixiqg 
equivalent amounts of CUSO4 and K4Fe(CN)8 solutions and washing the 
precipitate till it peptises. The sol, so prepared, was then dialysed till the 
dial3rsate gave neither any test for sulphate nor for ferrocyanide. With this 
sol, equicoagulating concentrations of different electrolytes in presence (rf 
non-electroljrtes were determined by noting the time, when the light from a 
filament lamp fed with a constant current just disappears on account of in¬ 
creasing turbidity of the sol. 5 c.c. of the sol were always mixed with 5 c.c. 
of the electrol3rte. The required amount of electrolyte was taken from a 
burette and the volume was made up to 5 c.c. before mixing it with colloid. 

In the following tables the amount of electrolyte just necessary to produce 
a rate of coagulation such that the turbidity becomes great enough to render 
the filament invisible to the unaided eye in 3 to 4 minutes, has been expressed 
in millimoles per litre of the mixture of colloid and electrolyte (i.e. the ead 
concentrations have been given). The limiting concentrations cam be de¬ 
termined with a drop, i.e. .05 cc. of electrolyte can be taken:— 

* J. Phys. Chem., 32 ,1231, 1872 (1928). 

• Cf. Sen: J. Phys. Chem., 29 , 587 (1928). 
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Nos. of CCS. 
of methjrl 

HCl(-) 

H 2 S 04 (-) 

Table P 
Citric 
acid (—) 

KCl(-) 

BaChC — ) 

AlCh(-) 

aleohol in 
100 cc. of 
the final vol. 

o 

.03872 

.08642 

2.1619 

.07009 

•00153 

.00072 

2.5 

•03765 

.07901 

2.0309 

•06338 

.00144 

.00071 

5 

.03581 

•07037 

I .8998 

•05965 

.00139 

.00070 

10 

.02806 

.05679 

I•7033 

.04772 

.00127 

.00069 

25 

.01500 

•02457 

I .1792 

• 02 S 3 S 

.00T03 

.00060 

♦The si^^ 

(+) means Stabilisation. 

( — ) means Sensitisation. 
(0) means No effect. 






Nos. of c.c.s 
of ethyl I 1 C 1 (- 
aleohol in 
loo c.c. of the 
final volume 


Table II* 
Copper Ferrocyanide sol— 
Citric 

■) H2S04(-) acid(-; 


■Ethyl alcohol 

KCl(-) BaChC-) AlCla (-) 


0 

.03872 

.08889 

2.1946 

.06710 

.00144 

.000708 

2.8 

•03581 

.08520 

T.9981 

.05806 

•00137 

.00069 

5 

•03194 

.07901 

I 8343 

.04687 

.00127 

.00068 

10 

.02710 

.07160 

16377 

•03355 

.00117 

.00066 

25 

.01839 

.04938 

r.1792 

.01342 

.00092 

.0006I 




Table III* 






Copper Ferrocyanide 

Sol—Urea 



Cone, of 



Citric 




uiea by wt. 
per 100 c.c. 
of the ffnal 

HCl(-) 

HjS 04 (-) 

acid (—) 

KCl (+) 

BaCb (-) 

AICI3 ( 4 -) 

solution 







0 

.03872 

•08397 

2.1618 

.06710 

.00151 

.00064 

.15 gms. 

•03562 

.07284 

1-9653 

.06710 

.00149 

.00064 

.3 ” 

•03194 

.06271 

1.7688 

.07158 

.00149 

.00066 

.6 

.02613 

.04938 

16378 

.07381 

.00146 

.00066 

i-S 

.01819 

•03458 

I.3102 

.07426 

.00141 

.00068 




Table IV* 




Wt. of sugar 



Citric 




added per 

100 c.c per 
the final 

HCl (0) 

H ,804 (-) 

acid (0) 

KCl (■+•) 

BaCh (0) 

AlCla (0) 

solution 







0 

.04068 

.08889 

2.2274 

.06710 

.00144 

.00069 

.25 gms. 

.04068 

•0913s 

2.2274 

.06979 

.00144 

.00069 

• s ” 

.04068 

.09259 

2.2274 

•07157 

.00144 

.00069 

I ” 

.04068 

•09382 

2.2274 

.07381 

.00144 

.00069 

a.5 ” 

.04068 

.09629 

2.2274 

.07707 

.00144 

.00069 






246 SUBODH GOBINDA CHAUDHURY AND NIBMALA PADA CHATTEBJEE 


Strength of 
acetic acid 
added in the 

HCl(-) 

H2SO4 

Table V* 

Citric 
acid (—) 

KCl (-) 

BaCl, (-) 

AlCl, (-) 

final solution 
in terms oi 
normality 
o 

.04068 

.08642 

2.2274 

.06934 

.00146 

.00069 

.0029 N 

.0405 

.08642 

2.2274 

.06934 

.00129 

.00040 

.0058 N 

.0402 

.08642 

2.1944 

.06822 

.00127 

.00037 

.0116 N 

.03972 

.08642 

2.1619 

.06710 

.00124 

.00035 

.0348 N 

.03972 

.08642 

2.0636 

• 06598 

.00117 

.00034 


Table VI* 

Copper Ferrocyanide Sol—Gelatin 


Wt. of gela¬ 
tin added 

HCl (-) 

H.SO4 (-) 

Citric 
acid (—) 

KCl(-) 

BaCls (~) 

AICI3 (-) 

per 100 c.c. 
of the final 
solution 

0 

.04068 

.8642 

2.2274 

•06934 

.00146 

.000708 

.00025 gms. 

•0387s 

•0839s 

1-9653 

.0822 

.00146 

.000708 

.0005 ” 

.03681 

.08147 

I • 9653 

•06598 

.00151 

.000724 

. 001 

.03390 

.07654 

I.8998 

.06039 

.00161 

.000724 

.0025 ” 

.02228 

.04938 

I • 7033 

.04921 

.00175 

.000756 


Discussion 

Mukherjee, Chowdhury and Mukherjee investigated the effect of adding 
the following substances: methyl and ethyl alcohols, formic, acetic and oxalic 
acids on the coagulation of arsenious sulphide sol by the electrolytes hydro¬ 
chloric acid, sulphuric acid, potassium chloride, lithium chloride, barium 
chloride, and aluminum chloride. They observed that methyl and ethyl 
alcohols do not act in the same way for a number of electrolytes. Thus ethyl 
alcohol stabilises the arsenious sulphide sol against coagulation by potassium 
chloride, lithium chloride and barium chloride whereas methyl alcohol sensi¬ 
tises it against these electrolytes. Besides, a sensitising effect was observed 
of both alcohols against hydrochloric acid and aluminium chloride. Sul¬ 
phuric acid has neither a sensitising nor a stabilising effect. We find on the 
other hand for copper ferrocyanide sol that both methyl and ethyl alcohols 
have got uniformly sensitising effect against the electrolytes we have used as 
has also been found in the case of ferric hydroxide sol (Part II). Obvious^ 
the effect varies from sol to sol and the valency of the coagulating ions givfes 
no clue to its behaviour. The behaviour of copper ferrocyanide sol in pr^ 
ence of methyl and ethyl alcohols is simple, as they show uniform sensitising 
effect. • 

For other substances the specific nature of the reaction becomes apparent. 
Urea sensitises copper ferrocyanide sol against the three acids and against 
barium chloride to a slight extent. It shows stabilisation against potassium 
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chloride. Aluminium chloride has very little stabilising effect. The data 
with cane sugar again show the specificity of these effects. It stabilises the 
sol against potassium chloride and sulphuric acid and does not change the 
coagulating concentration against other electrolytes. The coagulating con¬ 
centrations of hydrochloric acid and sulphuric acid do not change on addition 
of acetic acid, a result identical with that observed for arsenious sulphide sol 
on the addition of acetic and propionic acid. A sensitising effect is observed 
in all three cases against potassium chloride and alluminiuin chloride. This 
regularity breaks down again, if we compare the results when barium chloride 
is the coagulating agent. A stabilising effect is observed when arsenious sul¬ 
phide sol is used but with copper ferrocyanide sol, acetic acid sensitises it 
against coagulation by barium chloride. 

Of the above substances all excepting urea and gelatin^ decrease the di¬ 
electric constant. Thus cane sugar also reduces the dielectric constant 
whereas urea increases it.^ It is obvious that several factors are at work and 
that it is a priori difficult to predict what is going to happen in particular case. 
The specificity of stabilising or sensitising effect is to be attributed to the fact 
that what we observe is the net result of changes in a large number of variables 
which affect the coagulating concentrations. The experiments with urea are 
instructive for we get a sensitising effect against three electrolytes though the 
dielectric constant is increased by its addition. On comparing the effect of 
urea with that of ethyl alcohol we find that the sensitising effect of urea against 
the three acids is equally marked in both cases. On the basis of the views of 
Weiser* one would have expected a stabilising effect of urea, for, in his opinion 
‘^the extent of the sensitisation depends on the concentration and adsorbability 
of the non-electrolyte and its dielectric constant. This effect tends to lower 
the precipitation value of an electrolyte.^^ Mukherjee, C'howdhury and 
Mukherjee pointed out the desirability of simultaneously measuring the 
charge of the colloidal particles under these conditions. Discussions on the 
amounts of adsorption of the coagulating ion that is necessary at the coagu¬ 
lating concentration are rather wide of the mark, for, the tacit assumption 
that is always made, namely, that coagulation takes place at a particular 
critical potential, has no basis on facts (vide Mukherjee and ('howdhury^. 
Our knowledge about the mechanism of coagulation of these colloids by 
simpler inorganic electrolytes is as yet too insufficient to enable us to enter 
into a reasonable speculation regarding the nature of influences at work in the 
phenomena dealt with in this paper. Thus it is very difficult to account for 
the peculiar effects of cane sugar where we find that in four cases there is no 
change in the coagulating concentration, unless we assume a variation in the 
coagulation potential. Cane sugar decreases the dielectric constant as does 
methyl and ethyl alcohols. It also affects the adsorption of coagulating ions^ 

' About gelatin we have no definite data. 

^Harrington: Phys. Rev. (2), 8, 581 (1926); Lattey: Phil. Mag. (6), 41 , 829 (1921). 

* J. Phys. Chem., 28 , 1253 (1924). 

* See also Mukherjee, Roy Chowdhury and Chowdhury’s paper communicated. 

* Sen: Kolloid-Z., 38 , 310 (1926). 



248 SUBODH GOBINDA CHAUDHURY AND NIRMALA PAD A CHATTERJEE 


and also slightly diminishes the surface tension of the medium at the concen¬ 
trations used. Cane sugar changes the activity^ of cations, hydrogen and 
barium; but it has no effect on the coagulating concentration. What is the 
probabihty that a complicated change in all these variables, which together 
with some others determine the coagulating concentrations, will leave the net 
effect equal to zero in all these cases? Urea and cane sugar stabilise the sol 
against the same electrolyte, potassium chloride. It is at present not at all 
definite that we have even got a clear idea of the relevant physical and 
chemical properties which determine the coagulating concentration. A 
change in the surface tension or rather the change in the energy associated 
with conglomeration of two particles which depends on capillary forces is 
always kept out of consideration in discussion on coagulations obviously be¬ 
cause of the difficulties of experimentally determining them. While measure¬ 
ments of charge carried out in this laboratory are gradually forcing us to the 
conclusion that the cohesive forces play a very significant part in determining 
the coagulating concentrations we also feel that, in effect, this statement 
signifies at the present state of our knowledge that all the difficulties in the 
way of explaining the facts are being referred to one group of undetermined 
properties of the system. We could not carry out a sufficient number of 
charge measurements within the time at our disposal excepting the data given 
in the tables below. In the following experiments 50 c.c. of the sol were always 
mixed with 50 c.c. of the non-electrolyte. The required amount of non- 
electrol3die was taken from a burette and the volume was made up to 50 c.c. 

Table VII 

Cataphoretic experiment 
Copper Ferrocyanide Sol—Urea. Temp. 35° 

Wt. of urea added 

pel 100 c.c. of the *V in cm. per sec. per vol. 

final solution per cm. 

o 40.1 X io“® 

.6 gms. 48.6 X 

1-5 ” 53-4 X 10-* 

* Corrected for viscosity, taking the value for water at this temp, to be unity. 

It would appear from the above that not only does urea increase the di¬ 
electric constant but it also increases the rate of migration. Assuming that 
the rate is proportional to the density of the charge we find that the sol ought 
to be stabihsed. The only factor resulting from an increase in the dielectric 
constant as such, which tends to sensitise the sol is the increased intensity of 
adsorption of the cation. Sugar on the other hand lowers the dielectric con¬ 
stant and also diminishes the rate of migration though slightly at higher 
concentration. From the single measurement given in Table No. VIII, we 
find that the net effect of sugar at the concentrations given is to redtice the 

1 Anderson (Trans. Faraday Soc., 19 , 635 (1923-24)) concluded that as sugar increases 
the activity of cations this fact explains the lower coagulating concentration of these ca¬ 
tions in the presence of sugar (Sen: loc. cit.). 
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charge considerably but we find instead of a sensitisation a stabilisation in two 
cases out of six (Table IV) and this is to be attributed to a lowering of the 
critical potential, consequent on a decrease in the colloid-liquid interfacial 
tension. With other electroljdies, the sol is neither sensitised nor stabilised, 
which means the effect of greater adsorbability is just counteracted by lower¬ 
ing in colloid-liquid interfacial tension. Unless we know exactly the di¬ 
electric constants and the surface tensions of the mixtures of electrolyte and 
non-electrolyte, we cannot speak anything more definite. 


Table VIII 

('ataphoretic experiment. 
(Copper Ferrocyanide Sol—Cane Sugar. 


Wt. of sugar added 


per 100 c.c. of the 

*V in era. per sec. per volt per cm. 

final solution 


0 

40.1 X lo""^ 

• S gnis. 

41.6 X 10”'® 

I 

40.5 X 10'^ 

1 gm (in presence of .004 N KCl) 

34.7 X io~^ 

2.5 gms. 

37 5 X 10-'' 


* Corrected for viscosity taking the value for water at this temperature to be unity. 

These measurements amply bear out our contention that it is unjustifiable 
to discuss the observations on coagulation with mixtures of electrolytes and 
in the presence of non-electrolytes on the basis of amounts of adsorption of 
the coagulating ion necessary for coagulation as affected by simple considera¬ 
tions in changes in adsorbability or variation in the original charge. It is not 
denied that the.se are factors to be considered but that there are other equally 
influential factors such as the electrical forces opposing collisions, the electrical 
adsorbability, the changes in the energy associated with the agglomeration 
of the particles, and most of all the change in the critical potential of the sol 
on the addition of a non-electrolyte. 

Our best thanks are due to Prof. J. N. Mukherjee D.Hc. for his advice 
and for facilities for carrying out this work. 

Physical Chemistry Laboratory, 

UniversUy CoUeae of Science, 

9B Upper Circular Road, 

Calcwtia. 



THE LATTICE ENERGIES AND PHOTOCHEMICAL DECOMPOSI¬ 
TION OF THE SILVER HALIDES* 

BY S. E. SHBPPABD AND W. VANSBLOW 

In a paper' by one of the writers and A. P. H. TrivelU the following re¬ 
action scheme was proposed to represent the essential photochemical change 
in the production of the latent image:— 

Br — 0 —>Br (bromine atom) 

Ag -j- 6 —>Ag (silver atom) 

the bromide ion in light losing an electron, which is then accepted by a silver 
ion to form a metallic silver atom. The same mechanism was independently 
postulated about the same time by K. Fajans.^ 

Various subsequent h3rpotheses on the formation of the latent image have 
been chiefly concerned with the mechanism of concentration of the product 
to give developable nuclei’ rather than with the primary photochemical 
reaction. However, very important investigations have been made by 
Eggert and Noddack’ and by F. Weigert’ on the application of Einstein’s 
photochemical equivalence principle to silver halides. Eggert and Noddack 
concluded that the primary reaction agrees with this principle, in the sense 
that for each quantum of light absorbed, one silver atom is produced. 

a) Br + hp = Br -f 0 

b) Ag+ 0 =Ag. 

Eggert and Noddack’s results point to absolute couphng of the reactions 
(a) and (b). Their experiments were carried out with gelatino-silver bromide 
plates. In view of the criticisms of Weigert a redetermination of the quan¬ 
tum efficiency with pure silver halides free from binding materials seems very 
desirable.’ In the meantime, a discussion of certain of the energy changes in 
the decomposition of the silver halides in terms of the lattice energies of the 
crystals appears of interest, because it affords a definite analysis of the steps 
involved in proceeding from silver and halogen to form silver halide crystals, 
and conversely from these crystals to metaUic silver and free halogen. 

* Communication No. 360 from the Kodak Research Laboratories. 

‘ S. £. Sheppard and A. P. H. Trivelli: Phot. J., 61 , 403 (1921). 

>Chem. Ztg., 45 , 666 (1921); Z. EUktrochem. 28 , 499 (1922). 

* Cf. S. E. Sheppard, A. P. H. Trivelli, andR. Loveland: J. FVanklin Inst., 200,76 (1925). 

* Sitzungsber. preuss. Akad. Wiss., 1921 , 31. ^ 

' Z. physik. Chem., 99 ,499 (1921); also Z. Physik, 18,232 (1923). 

‘ The writers are ensued i^n an investigation of the quantum efficiency, using a 
modification of the metnoa of Uartung in which silver halide is decomposed by light in 
vaeno and the weight loss measured with a very sensitive micro-balance. 
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Thermochemical Cycle for Calculation of Lattice Energies 
of Silver Halides 

The following reaction cycle for the silver halides is that proposed and used 
by M. Born^ and discussed by Foote and Mohler^ in regard to spectroscopic 
data. For a given silver halide AgX, where X is a halogen atom, we have the 
following cycles representing the formation and decomposition of the salt: 


S [AgX]^QA«x [Ag]i/2(X2) ^ SAg + D, (Ag)(X) 


AgX 

T 

T 


T 

(AgX) 

u 



T 

T 


T 

JaeX ^ 

(Ag)+(X)- <- 

- Ex - 

- (X) (Ag+) ( 0 ) 


In the discussion of these cycles, all heat and work units are expressed in kg. 
cal. The symbols used have the following significance.* 

[ ] denotes crystalline solid state, 

( ) denotes gaseous state, 

D = heat of dissociation per gram atom ( 3 ^ gm. molecule of X2), 

S = heat of sublimation at absolute zero of i gram mol metal or salt, 
Q = heat of formation of the salt from the elements in the ordinary state, 
J = work in kg. cal. necessary to ionize i gram-mol salt or metal, 

Ex = electron affinity of i gram atom halogen gas, in kg. cal., 
e = I gram atom electron gas. 

In these cycles, we can obviously start from any state of combination and 
aggregation of the material, and proceed to any other, evaluating the energy 
changes. The normal course in the photographic process is from ion pairs 
Ag+ and X"" in a dissolved state to the solid crystalline lattice AgX. Making 
allowance for the hydration of the ions,^ this will be equivalent to the passage 
from the gaseous state (Ag"^) (X“) and correspond to the lattice energy U. 

To determine this lattice energy we can proceed either by the left or right 
cycle indicated, but data for the former are lacking. On the right hand cycle 
work is counted as absorbed by the system for movement against the direction 
of the arrows, and afforded for changes in the opposite direction. Starting 
from (Ag*^) (X~) equivalent grain atoms of the ionized gases, the first step is 

(Ag+) (X“)-^(Ag+) (X)e. 

This requires energy equal to the electron affinity of the halogen. This might 
be determined directly from the convergence limit of a spectrum correspond¬ 
ing to the reaction X + 6 = X” or by determination of the ionization poten¬ 
tial of the atoms.* Indirect determination of the electron affinity is possible:— 

‘ Verb, deutsch. physik. Ges., 21, 13, 679 (1919). 

* “Origin of Spectra,*^ 180 (1922). 

Cf. Foote and Mohler: op. cit. 

^Fajans: Verb, deutscb. pbysik. Ges., 1, 45 (1920); Grimm and Herzfeld: Z. Pbysik, 
19 , 141 (1923). 

‘Cf. Angerer: Z. Pbysik, 11,167 (1922); Gerlacb and Gromann: 18 , 239 (1923); Olden- 
berg: 25 , 136 (1924); 31 , 914 (1925); B. Ludiam: Trans. Faraday Soc., 21, 610; J. Franck: 
612 (1925-6). 
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a. By taking Bom's values for the lattice energies of the alkali halides, 
and solving for Ex in the equation for the cycle. 

b. Similarly, but using the lattice energies of the alkali halides deduced 
by Fajans from their heats of solution. 

c. By using values for the ionization potentials of the hydrogen halides. 
The data may be divided into two groups, corresponding to the direct and 
indirect methods. 


Table I 

Direct Values of E' in kg. cals. 



Year 

Cl 

Br 

I 

Observation 

s 

p 

e 

1922 

893 

67 S 

59-2 

von Angerer: Z. 
Physik, 19 , 149 
(1922) 

c 

t 

r 

1925 

86.6 

89.6 

79.1 

81.3 

71-3 

von Angerer and 
Muller: Physik. Z., 
26, 643 (192 s) 

0 

s 

c 

1926 

89 

77 

66 

Ludlam: Trans. 
Faraday Soc., 21, 
616 (1926). 


o 

P 

i 

c* 

* The validity of the spectroscopic data as relevant to the electron affinity of the halo¬ 
gens has been questioned by J. Franck: Trans. Faraday Soc., 21,612 (1925-6) 

Table II 

Indirect Values of Ex in kg. cals. 



Year 

Cl 

Br 

I 

Observation 

I. 

1919 

86 

86 

79 

M. Bom: Verb, 
deutsch. physik. Ges., 
21, 679; K. Fajans: 
714 (1919). 

Methods (a) and (b) 

2. 

1920 

118.8 

88.6 

00 

0 

von Weinberg: Z. 
Physik, 3 , 340 (1920) 

3 - 

1920 

119 

84 

77 

M. Bom: Die Natur- 
wiss., 8, 373 (1920). 

4 - 

1922 

116 

87 

81 

Foote and Mohler: 
“Origin of Spectra,” 
p. 182. 

5 - 

1923 

88 

89 

82 

Grimm and Hertzfeld: 
Z. Physik, 19 , 149 

(1923). 

6. 

1922 

81 

73 

66 

von Wartenberg and 


Henglein: Ber., 
55 , 1003 (1922). 
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On considering this last table, it will be seen that the scries (2), (3), and 
(4) all give notably high values for the electron affinity of chlorine. We find 
that this results from a value for the dissociation heat CA2 —> 2 Cl having 
been used in these calculations (see next section) which is probably con¬ 
siderably too great. This value is CI2 —^ 2 C'l + 2 Dci = 113 kg. cal. due to 
M. Pier^ concerning which Lewis and RandalP have the following to say: 
‘^His data did not give directly either the heat of dissociation or the degree of 
dissociation; but at each temperature the product of the two was found. 
Then, employing the thermodynamic requirement for the change of the 
degree of dissociation with the temperature, he solved simultaneously for 
both unknowns. Thus he found 0.026 for the degree of dissociation at the 
highest temperature (2067° K.) and AH© =113 kg. cal. for reaction CI2 (g) = 
2 Cl(g). Such a procedure greatly exaggerates the large errors which are in¬ 
evitable in work of this character.” 

Using Pier’s data, and their own heat capacity and entropy equations, 
they find for this heat of dissociation AH© = 70 kg. cals. It will be seen 
from the spectroscopic data cited in the next section that this value is still 
somewhat high, but it confirms the conclusion that the values (2), (3), and 
(4) for the electron affinity of chlorine are too large. If we except these and 
give the other values cited equal weight, we obtain for the electron affinities 


of the halogens 

Cl 

Br 

I 

Direct 

88.6 

76.2 

65-5 

Indirect 

0 

00 

84.6 

77.6 


Ionization Work of Silver 

The next step required is JAg, the ionization work of silver. The only 
datum for this is the determination of first ionization potential of silver 
vapor by Piccardi.® This gave 7.54 volts, equivalent to 174 kg. cals, per 
gram atom. 

Dissociation Heats of Halogens 

The term Dx corresponds to the heat of dissociation of the halogen mole¬ 
cules per gram atom 

UI2 —► 2CI - 2 Del 
Br2 —> 2Br — 2DBr 
I2 -^2l - 2D1 

Here again, the values may be determined more or less indirectly from ther¬ 
modynamical calculations,^ or more directly spectroscopically from the short 
wave-length limit of the molecular band spectrum.® We have tabulated the 
significant data as follows:— 

^Z. physik. Chem,, 62 , 385 (1908), quoted by Landolt and Bornstein, p. 906, with the 
parenthetic comment (Gescn&tztl) 

* “Thermodynamics,” p. 490 (1923)- 

’ Gazz., 56 , 512 (1926). 

* Cf. Lewis and Randall: op. cit. 

® Franck: Trans. Faraday Soc., 21, 536 (1925-6). 
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Table III 

Dissociation Heats of Halogens in kg. cals, per gram atom 


Year 

I. 1908 

Cl 

56.5 

Br 

I 

Observation 

M. Pier: Z. physik. Chem., 26, 
38s (1908) 

2. 1910 



1715 

Starck and Bodenstein: Z. Elek- 
trochemie, 16, 961 (1910) 

3 - 1914 


‘ 

17.8 

17.2 

0 . Stein: Ann. Physik, (4) 44, 
497 (1914) 

4. 1919 


23±5 


K. F. Herzfeld: Ann. Physik, (4) 
59, 63s (1918) 

5- 1923 

35 

20.8 

iS-8 

Lewis and Randall: “Thermo¬ 
dynamics” 

6. 1923 

27 

23 

18 

Grimm and Herzfeld: Z. Physik, 
19, 149 (1923) 

7. 1924 

28.5 



K. Wohl: Z. Elektrochemie, 30, 
36 (1924) 

8. 1924 

35 

20 

17 - 

R. H. Gerke: J. Am. Chem. Soc., 
46, 953 (1924)- 

9. 1926 



17-25 

J. Koenigsberger: Naturwiss., 14, 
779 (1926) 

10. 1926 

28.5 

22.6 

17.6 

H. Kuhn: Naturwiss., 14, 600 


(1926) 


Of these data, the value Dci = 56.5 kg. cal. of Pier has already been dis¬ 
cussed and dismissed as too high. The value 35 kg. cal. calculated by Lewis 
and Randall also appears high according to the spectroscopic data. Gerke’s 
value Del = 35 (No. 8) appears to be taken from Lewis and Randall. The 
other values, for Br and I, are consistent enough, so that we may provision¬ 
ally accept the evaluation of Kuhn, and take 

Dci = 28.5, Dar = 22.6, Di = 17.6. 

Heat of Sublimation of Silver 

For Sa« corresponding to [Ag] —> (Ag) we have the following:— 

H. C. Greenwood 55.8 kg. cal., 1911 Z. physik. Chem., 76, 

484 (1911) 

Grimm and Herzfeld 63.3 kg. cal., 1923 Z. Physik, 19, 149 (1923) 

F. Haber 66.0 kg. cal., 1919 Sitzungsber. preuss. 

Akad. Wise., 30., 506 (1919) 
The values of Grimm and Herzfeld, and of Haber based on thermodyn¬ 
amics and compressibility are in fairly good agreement, and provision¬ 
ally the value 65 kg. cal. will be used 
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Heats of Vaporization of Bromine and of Sublimation of Iodine 

In the cases of 1/2 Br2 —> Br and 1/2 Is —» I the heat effects of change 
of state should be included. For the former we have taken 3.70 kg. cal.* 
and for the latter 7.27 kg. cal.* 

Heats of Formation of Silver Halides 

Finally, for the heats of formation of the solid silver halides, according to 
Ag 1/2 (Xs) = Ag X + QAgX we have the following data:— 

Table IV 

Heats of Formation of Silver Halides 


Year 


AgCl 

AgBr Agl 

Observation 

1914 


30.41 


Braun and Kauf: Z. 





angew. Chem., 87 , 
186 (1914) 



30.61 


L. Wolff: Z. Elektro- 





chemie, 20, 19 (1914) 

1916 



15-15 

Taylor: J. Am. Chem. 




(cryst) 

Soc., 38 , 2295 (1916) 

1925 

calc. 

28,94 

2352 14-32 

B. H. Wilsden: Phil. 


obs. 



Mag., 49 , 900 (1925) 


29.94 

23.0 14.0 

23.81±.05 14.97 ± 

.05 T. J. Wells: J. Phys. 



Chem., 29 ,816 (1925) 

In view of the greater uncertainty in several of the other values involved, 
it appears sufficient to take the following round number values for our pur¬ 
pose:— 

Qakci 30 0 kg. cal. 

OAgBr 24.0 kg. cal. 

Qa«i 15.0 kg. cal. 

For the calculation of the lattice energies we have 

U = Q - (E - J) -I- D -I- S -I- s. 

If we take the direct, spectroscopic values for Ex (Table I) this gives 

Uak:i 209 kg. cals. 

UAgBr 213.1 kg. cals. 

__ Ua,! 213.6 kg. cals. 

* Andrews: J. Chem. Soc., 1, 27 (1849) gives 3.65; Lewis and Randall: op. ci(., p. 512 
"give ^75, Thomsen: Thermochemical Investigations (1905) gives 3.28 kg. ccJ. (It 

must be remembered that this will vary with the temperature.) Lewis and Randall find 
AH « 10450 — 9.6T, where T is temperature absolute, for the heat per gram molecule, H 
which agrees almost precisely with the heat of v^orization determined hy Berthelot at 60^^ 
and is a trifle higher than the value obtained by Thomsen. 

* Baxter, Hickey and Holmes: J. Am. Chem. Soc., 29 , 127 (1907); recalculated bv Lewis 
and Randau: op. cif., p. ^2; qf. particularly, Lewis and Randall: 'Tree Energy of Iodine 
Compounds,'' J. Am. Chem. Soc., 36 , 2259 (1914). Favre and Silbermann: Comptes 
rendus, 29 , 450 (1889) g^vc 6.08 kg. cal. 
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If we take the indirect values for Ex, then 

UAgci 212 kg. cals. 

UAgBr 205 kg. cals. 

UAgi 201.5 kg. cals. 

The latter values agree better with those of Grimm and Herzfeld.^ 

UAgci = 205 kg. cals. 

UAgBr =198 kg. cals. 

UAgi =192 kg. cals. 

and we might perhaps regard the former somewhat with suspicion, as making 
the lattice energy of Agl greater than that of AgCl. 

There enters here, however, the question as to how far lattice energies com¬ 
puted on the assumption of purely ionic lattices from rigid ions are correct, 
when there may be deviation from this premise, in the sense of deformation 
of the ions^ and approach to less heteropolar, more homopolar lattices. As 
will be noticed shortly, this tendency increases on passing from AgCl to Agl. 
Concerning this, Grimm and Herzfeld remark as follows:® 

“Finally, let us take into consideration the possibility that the assumed 
crystal lattice of rigid ions is so altered, that the ions are ‘deformed,^ indeed, 
that the lattice does not remain an ionic lattice, and that the ionic deforma¬ 
tion leads to the ^heteropolar^ union passing over into a more or less ^homo- 
polar' union. In this case, which, for example, would present itself in the 
passage of the salt Xenon chloride XeCl into a compound of the type ICl, 
we have to consider a ‘deformation' energy outside the limits of the theo¬ 
retical Bom lattice theory, the magnitude of which remains unknown to us. 
SincCf however, the lattice energies of existing com'ponnds used by us later are 
based on experimental data and not on theoretical values, the deformation energies 
are already contained in them, and it only remains questionable, whether the 
difference of the ‘deformation energies,' for example of NeCl and NaCl, or of 
Mgl2 and Alls can strongly falsify our estimated lattice energies. ‘ In the 
most extreme case, with HCl, the deformation ‘energy' amounts to some 100 
kg. cal.^ As, however, with H+ there is an extreme case, and in our calcula¬ 
tions only the differences of the deformation energies is important, we con¬ 
clude, that the deformation will not falsify our results." 

The conclusion is somewhat different when, as in the present case, it is 
the absolute magnitude of the lattice energy which is important. 

A principal issue raised in the present communication is the following. In 
the photodecomposition of the solid silver halides, is the lattice energy some¬ 
thing which has to be overcome by radiation? If not, what becomes of this 
energy? If so, how is it effected, directly or indirectly? Before specifically 
taking up these questions, we may refer to the direct calculation of the lattice^ 
energies in Bom's theory, by way of compressibility values. 

1Z. Physik, 19 , 141 (1923). 

* See later. 

»Loc. cit., p. 147. 

<Cf. Grimm and Herzfeld: Z. Physik, 19 , 147 (1923); P. Knipping: Z. Physik, 7 , 328 

(1921). 
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Determination of Lattice Energies from Electrostatic Theory' 

If the ions are assumed to be infiniiely hard rigid charged spheres, the 
(attraction) potential for any two according to (Coulomb’s law is given by 
<^o = d=e'^/r, where e = ionic charge, and r = distance between atomic cen¬ 
ters. This picture is inadequate, since the substances formed are not in¬ 
compressible, and instead there is postulated a force of repulsion which is 
infinitely small at great distances, but does not increases infinitely rapidly. 
By analogy with Coulomb’s law, the potential energy of this force is given by 
<!> = + 0 /t^ where ^ and n are constants. The total potential energy for 
any two ions is therefore 

(f) =z ± eVr + 

In calculating the potential energy of a whole lattice from the mutual 
interaction of pairs of ions in different orientations, it is evident that r be¬ 
comes 5 , the lattice constant, f.c., the distance from one ion to the next similar 
ion on the edge of the unit cube.^ The solution will be of the form 

^ = -a /5 + b/6” 

where a and b are constants obtained by summation over e- and /S. Calculation 
of the constant a of the electrostatic term has been facilitated by Madelung:® 
For a lattice of the NaCl type, where is the potential energy for each ele¬ 
mentary cube of edge 5 , a = 13.94 

The reaction below 5 o the equilibrium value of the lattice constant and the 
corresponding energy of unit cube is obtained from the condition that for 5 o 
the value of d 0 /d 5 is zero. This gives 


= ~-a/ 5 o (i — i/n).-* 

The lattice constant 5 o for the undeformed crystal can be detemiined 
by X-ray spectrographic methods, or can be calculated. If m and //?' be the 

atomic weights of the two ions, then — is the weight of one “molecule,” 

AgX, and since in this type of crystal there are four of these in the unit cube, 

the mass of this is —— = pA^, where p is the density of the crystal, 

and A = 80/2- 


^ M. Born: “The Constitution of Matter,“ 50 (1923). 
2 Born: “The Constitution of Matter,“ 50 (1923). 

* Physik. Z., 19 , 524 (1918). 
f d 4 » -~a2 nb e ^ ^ 

dd S 6 " +1 ^ 

nb __ b>2 

' ” si 


Hence: 


h - 5 3 n-i 
n ® 


Hence 


So n 5 o“ 
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The exponent n is connected with the slope of the curve relating the re¬ 
pulsive force <f> with r. Crystal movement from equilibrium involves diminu¬ 
tion of the lattice constant, i.e., a compression. The exponent n is closely 
connected with the compressibility K of the crystal. It is found that 

K = 

a(n— i) 

If Kf the compressibility, is determined experimentally, n can be ob¬ 
tained from this formula. For the alkali-halides of the type NaCl the value 
n == 9 has been found sufficiently accurate. For the calculation of the lattice 
energy, we have to multiply by — N/4 because the elementary cube con¬ 
tains 4 ion-pairs. Hence 



Inserting the values for a and 5 © and for N (Avogadro number) we have 

U = 545^ P kg. cals, 
m + m' 


For the silver halides the following data were used: 



p 

m 

m' 

U 

A“.TI./ 8 <, 

AgCl 

S-S 70 

00 

00 

0 

35.46 

184 

5.56 

AgBr 

6.473 

00 

00 

0 

79.92 

178 

5.78 

(Agl 

3.674 

107.88 

126.92 

150) 

6.49 


The corresponding values of U are given in the last column. The value 
for Agl is based on the assumption of a cubic lattice, which is correct only 
above 140%', But from the lattice constant given for this^ 6.493~A®.U. the 
calculated value of UAgi is 130 kg. cals. 

These values are low compared with those obtained indirectly from ther¬ 
mochemical considerations. This is possibly due to the value of n = 9 being 
too high. Although deformation of the anion by the cation, such as occurs 
in silver salts {vide inf,), is not assumed to affect the compressibility, it might 
affect the slope of the compressibility curve. 

Relation of Lattice Energy to Photochemical Change 

It was stated already that the primary photochemical change in the silver 
halides has been represented by the equation 

x + hv ^x + e 

4 - 

followed by Ag + 6 = Ag. 

Now this means, either that we can disregard the lattice energy, and assume 
that the light acts on the halide ions as if they were independent gaseous 

+ 

ions, or that starting with the system [AgX] solid we pass by the action of 


^ Cf. R. Wyckoff: ^‘The Structure of Crystals/* 319 (1927). 
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+ 

light to the system (Ag) (X) 0 . In the latter case, according to the cycle in¬ 
stalled, and the values obtained, this would imply that there must be af¬ 
forded the energies 

U + Ex. 


From the values obtained, it will be seen that these quantities would be for 
the three silver halides of the following order:— 


Silver Halide 
AgCl 
AgBr 
Agl 


IT -f Ex 

212 +85 kg. cals. 

205 -h 84.6 kg. cals. 
201.5 + 77.6 kg. cals. 


cuevE I 



Let us suppose that each step requires absorption of an equivalent molar 
quantum Nhv of radiation. The following graph represents the relation of 
wave-lengths to quanta and molar quanta. 

A molar quantum Nhj^ = kg. cals, would correspond to a wave-length of 
about 130 mM, a molar quantum N h^ = 86 kg. cals, to a wave-length of 
about 3200 A.U.^ Both these values, notably the first, are far shorter than 
the wave-lengths active in the photochemical decomposition of the silver 
halides, which are comprised in the known absorption spectra of these bodies. 

The apparent contradiction may be made clearer perhaps by considering 
a diagram of the energy levels (Fig. 2). The question arises, is this apparent 
contradiction a real problem? For example, is it necessary to assume the 
electron separation as the mechanism? If a direct decomposition, corre¬ 
sponding to the heat of formation QAgx were assumed, (e.g., in homopolar 


^ Cf. also von Angerer: loc. cit. 
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molecules) than no contradiction to the wave-length thresholds would exist, 
since the wave-lengths corresponding to these heats of formation are well 
in the range of visible and even infra-red radiation (cf. Table IV). 

But there exists independent evidence that the inner photoelectric effect 
postulated by Fajans and by Sheppard, actually occurs. 

The first piece of evidence is the phenomenon of photo-electric conduc¬ 
tivity, particularly of the primary photo-current distinguished by Gudden 
and Pohl.^ The correlation of this with the photochemical change is only 
assumptive and not directly proved. It will be shown that it might be pos¬ 
sible to regard this effect as occurring independently of the photochemical 



Fig. 2 

Energy Level Diagram 


change, and perhaps as not necessitating any demand by the lattice energy. But 
it is evidence of an inner photo-electric effect. The second piece of evidence 
consists in the production of photo-electric potentials at electrodes of silver: 
silver halide: electrolyte. The authors will show in another communication 
that their experimental evidence with this system strongly confirms the 
simultaneous production of free electrons and atomic halogen, by light acting 
on the silver halides. We shall assume for the present, therefore, that the 
assumption of the inner photo-electric effect is justified, and consider the ap¬ 
parent contradiction with lattice energy requirements. 

One way of meeting the difficulty, which is raised by the quantum theory 
of energy changes, is suggested by the theory itself. It may not be necessary 
to supply the full quanta of energy corresponding to U and Ex, in view of the 
free energy liberated in the subsequent stages leading to 1/2 (X2) + [Ag]. 
This implies that the electron is released, at a cost less than the true electron 
affinity by an amount corresponding to these subsequent gains. The* argu¬ 
ment that the free energy of a subsequent reaction phase should be avail¬ 
able for an earlier one has usually been rebutted, as teleological. Yet it is 


IZ. Physik, 6, 248 {1921). 
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definitely used in the quantum theory of spectra. For example, Sommerfeld^ 
states: ‘‘Consider two atoms, which differ from each other, only in that the 
L-shell in the first is present as an Li level, in the second as an L2 level. 
Should an electron be raised from the K-shell to the surface of the atom, 
then the effective nuclear charge of the L-shell is increased by i; this, there¬ 
fore, contracts together. Since in thin contraction, energy is set free, the L- 
shell contributes part of the work for the K^xciiation: the excitation-energy is 
therefore lessened by the presence of the L-shell—and naturally also by the pres¬ 
ence of the others” 

It may be objected that there is no way of picturing the over-coming of 
the lattice energy t/ by a quantum process. The individual ions do not 
possess lattice energy, as individuals, but only collectively, as a space re¬ 
lation of positive and negative ions. It appears none the less true, that the 
lattice energy must ipso facto exist as a resistance to the freeing of a negative 
charge. In point of fact, a direct photomechanical action of radiation upon 
matter has been suggested by one of the writers,^ and more specifically 
worked out by F. Weigert for paired systems (atoms or atom groups) of 
electron donors and electron acceptors.® The latter has adduced as further 
specific evidence for such a process the phenomena of phoiotropy in solids."* 
The latter is shown chiefly by crystal lattices of complex deformable mole¬ 
cules; it is not explicable as an isomeric or tautomeric molecular change, but 
only as an affair of pairs or groups.*^ In view of the problem of disposing of 
the lattice energy in heteropolar lattices of relatively rigid ions, it appears 
that the evidence for direct (primary) photomechanical disintegration of the 
silver halides may have to be reconsidered.® Many examples have been cited 
to demonstrate a direct mechanical disintegration by light acting on solids. 
Bredig and PemseF suggested that the developable “latent image“ was due 
to a photomechanical disintegration of the silver halide crystals. Actual dis¬ 
integration can be observed in the case of silver iodide, as first noticed by 
C. Schultz-Sellack* and studied more fully by H. Scholl.® A very thin con¬ 
tinuous layer of silver iodide is obtained by exposing a silver mirror to iodine 
vapor. This becomes turbid and vari-colored by exposure to intense light, 
and can be shown by rubbing to be actually mechanically disintegrated. 

^ ''Atombau und Spektrallinien.” 3rd. Ed., Chap. 8 On Theory of Fine Structures, p. 
614 (1924). 

* S. E. Sheppard: “Photochemistry,’' 331 (1914). 

3 Verb, deutsch. Physik. Ges., 21 , 479, 615, 639 (1919); Z. Physik, 2, 1 (1920); 3 ,437 
(1920); 5 , 410 (1921). 

Elektrochemie, 24 , 222 (1918). 

® S. E, Sheppard: Chem. Rev., 4 , 319 (1927). 

* Discussed in a forthcoming article by S. E. Sheppard on “Colloids and Photochem¬ 
istry*’ in J. Alexander’s “Colloid Chemistry, Theoretical and Applied.” 

^ Arch. wiss. Phot., 1, 33 (1899). 

* Pogg. Ann., 143 , 442 (1871). 

® Ann. Physik, 16, 193, 417 (1905)* 
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Luppo-Cramer^ at one time maintained the view that these phenomena, 
and the ‘'developability^' by ammonia induced in silver bromide by light^ 
were due to direct photomechanical disintegration. 

"'In ipio-ii, The Svedberg* observed that a number of metals—^mer¬ 
cury, silver, lead, copper, tin—would be disintegrated quite rapidly by ultra¬ 
violet light, more slowly by ordinary light. He obtained colloid sols in water 
or alcohol in this way. 

The investigations of Nordenson^ were held to show that the mechanical 
disintegration of the metals is a consequence of a preliminary photochemical 
preoxidation, while Liippo-Cramer also abandoned® the view of primary 
photomechanical disintegration of the silver halides in favor of regarding it 
as a consequence of photochemical liberation of halogen and disruption by 
halogen pressure. 

The importance and magnitude of the lattice energy of silver halide 
crystals forces a restatement of the question, however. Thermodynamic 
consideraton of the lattice formation already discussed (p. 200) and the 
tensor character of the radiation in the newer wave-theories® suggest that 
it is neither necessary nor suflScient to regard the mechanical disintegration 
of the crystal as the consequence of a primary photochemical change. It ap¬ 
pears that at the least there is an initial synergy of the photomechanical and 
the photo-electric actions of light. Synergy in the sense that the lattice 
loosening (Gitter-Auflockerung) and electron liberation and transfer are 
closely coupled prophases of any photochemical change in solids. It is 
probably much too soon to speak here of one aspect as usually preceding the 
other. 


Lattice Disorientation and Ionic Deformation 

We saw that there was another thermodynamic cycle leading from the 
solid lattice to the gaseous ions, viz., by way of the sublimation heat SAgx 
and the work of ionic dissociation JAgX- Hence 

U = SAgX + JAgX- 

Is one to suppose that radiation has to furnish two equivalent quanta before 
valency electrons can be removed from the independent gaseous negative 
ions by yet a third quantum? This appears even more improbable than a 
direct photomechanical sublimation into gaseous ions. 

Moreover, even if we could treat the lattice ions as equivalent to inde¬ 
pendent gaseous ions, the quantum required to overcome the electron affinity 

1 KoUoid-Z., 17 , 51 (1915) ;21, 28, 154 (1917)* 

* Cf. '*The Silver Bromide Grain of Photolr^hic Emulsions’* by A. P. H. Trivelli and 
S. E. Sheppard. Monographs on the Theory of Photography, No. i (1921). 

‘Kolloid-Z., 6, 129 (1910); also M. KMura: Memoirs Kyoto Coll. Sci. (Japan), 5 , 

252 (1913); , 

^Kolloidchem Beihefte, I., 91 (1915); qf. also The. Svedberg: “The Formation of 
Colloids,” p. 81 (1921). 

* “Kolloid Chem. KoUoid-Chemie und Photographie,” 2d Edit. 

« Swann: J. Franklin Inst., 205 , 323 (1928). 
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is still much larger than that experimentally found effective. Provisionally, 
it appears that a way out is to be found in a ^‘loosening'' disorientation of the 
lattice itself—equivalent to a reduction of the lattice energy-correlated with a 
deformation of the ions, equivalent to a reduction of the electron affinity. 
Some of the evidence for this will be considered. 

Lattice loosening or disorientation has been discussed in relation to dif¬ 
fusion and electrolytic conduction in solid crystals. G. von Hevesy^ has 
pointed out that at the melting point the magnitude of the conductance of 
fused salts changes abruptly. Assuming that the electronic condition does not 
change at the melting point, the number of free ions must have increased in 
the melt. (Conversely, the fall in conductance on solidification must be due 
to the immobilization of the ions in the lattice. However, in the neighbor¬ 
hood of the melting point the lattice is relatively loosened or disoriented, so 
that a notable number of ions can still wander. As a rough measure of this 
tendency to lattice disorientation he suggests the ratio 

_ conductance of liquids 
conductance of solids 

taken just below and above the melting point. The following table shows 
how this varies with different salts: 


Table V 



__ Conductance of liquids 
Conductance of solids 

X — 

Conductance of liquids 
Conductance of solids 


X 


X 

NaNO, 

20000 

TlC’l 

160 

KNO3 

20000 

TlBr 

^30 

LiNO, 

10000 

TIJ 

100 

KCl 

9000 

AgCl 

30 

PbCU 

5000 

AgBr 

5 

SnCU 

4000 

AgJ 

0.9 

NaCn 

3000 




Of great importance for the present argument is the parallelism indicated by 
vonHevesy between lattice disorientation, as indicated by this coefficient, and 
the inclination of the iona to pass to the neutral state. According to von Hevesy, 
if [K+(C 1 ~] is to be converted to [K] + [Cl] then the electron affinity of Cl 
must be overcome.^ This demands 89 kg. cal. per gram atom, while the 

+ 

ionization work of K + e K which is gained is qq kg. cal./gram atom, 
giving the slight excess only of 10 kg. cal. Then in the case of [Ag+I“"], von 

Hevesy takes the corresponding values, of I — e —> I as 59 kg. cal./gram 

_ 4 " 

‘ tJber Gitter-Auflockerung,” Z. physik. Chem., 101, 337 (1922). 

* Von Hevesy does not mention the lattice energy itself, nor why the decomposition to 
[K] -f [Cl] (or i/2(Cls)) might not have proceeded some other way than by that proposed 
—e.g., by sublimation and dissociation. 
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atom (which is probably too low, c/. Table II) and of Ag + e Ag as 328 kg. 
cal./gram mol. Since the halogens were reckoned per gram atom, this should 
be 164 kg. cals./gram atom,^ giving an excess of free energy of about 100 kg. 
cals./gram mol. of halide. Restating von Hevesy^s tabulation with the data 
used in this paper we have: 


Table VI 


CsCl 

Energy gain on transfer of 
the ions to neutral state 
in kg. cal. 

89.8 — 88.8 = 1.0 

X 

Conductance above M.P. 
Conductance below M.P. 

KCl 

99.0 — 88.8 = 1.2 

9000.00 

Nal 

118.0 — 66.2 = 41.8 

— 

TlBr 

140.0 76.8 = 63.2 

130.00 

AgCl 

174.0 - 88.8 = 85.3 

34.00 

AgBr 

174.0 — 76.8 = 97.2 

5.00 

Agl 

174.0 — 66.2 = 107.8 

0.89 


The table still supports von Hevesy’s contention that ‘‘the smaller the work 
necessary to convert the ions composing the crystal into the uncharged con¬ 
dition, the greater the degree of disorientation of the crystal.^^ Von Hevesy 
does not indicate definitely the relation of this disorientation to the lattice 
energy. After referring, however, to Born and Landers theory of crystal 
lattices formed by electrostatic equilibrium between rigid ions, he does say 
however: “If we now assume that a or a Cl~^ ion is neutralized at one point 
or another of the lattice, i.e., is converted to an unchanged state, then that is 
equivalent to a disturbance of the equilibrium at the corresponding position of 
the lattice, which must result in a local disorientation,^^ He further suggests 
that such a local disorientation may not require the ions to pass completely 
to the unchanged state, but that it may suffice for the electrons to be raised 
to high quantum orbits. 

The converse of this argument would seem to be that if reducing electron 
affinity lowers the lattice energy content, by disorientation, then to reduce 
the electron affinity must require preliminary work on the lattice, i,e,, over¬ 
coming of lattice energy. 

The “disorientation coefficient^' of von Hevesy is discussed by Gudden 
in relation to conduction in solids.^ “This conclusion may be so interpreted, 


1 It appears certain that von Hevesy has taken the value for Ag -h © —► Ag at twice the 
correct value (per gram atom). The energy G for the change R+ 4- © — G «* R is given by 

cals, where e « electron charge N = Avogadro’s number, j * mechanical equiva¬ 
lent o heat and Vi = ionization potential per atom. Taking von Hevesy's value 99 kg. 
cals for K, and taking 4.32 volts per atom as the value of Vi for K, 7.54 volts per atom 
as the value of V for Ag (Foote and Mohler, op, cU, Table X), then the value of G for Ag 

on von Hevesy^s basis for K must be 99 X « 170 kg. cals./gram atom. Evidently 

4 * 3 ^ 

he doubled the value for Ag, but not for K. 


^ B. Gudden in ^^Ergebnisse der exakten Wissenschaften,^’ 3 , p. 116. 
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that in consequence of heat vibrations, in the alkali nitrates [equally halides] 
only an extremely small fraction, but on the other hand in the silver halides 
a considerable fraction, of the ions are transiently and oscillatingly neutralized. 
Such neutral atoms disturb the lattice cohesion and facilitate ionic migration.”^ 

There may be distinguished different processes of electric conduction in 
solids.2 

^ Electronic (metallic) 

(Electrolytic (unilateral) 

^ . , /Primary (electronic) 

^ ) Secondary (electrolytic) 

It is the photoconductance effect which interests us here. The primary 
[ihotoconductance effect is distinguished, in selected crystals of high refrac¬ 
tive index, by production on illumination of a current—on applied p.d.—of 
finite strength, without inertia. For all applied e.m.f.^s, its strength is pro- 
potional to the absorbed light of definite wave-length. This primary current 
apparently consists of two components, viz., a practically instantaneous 
wandering of negative charges from the place of light absorption to the 
anode, and a replacement of these charges from the cathode. There may 
elapse a considerable interval between the two processes, which can be made 
practically zero by higher e.m.f., by heating, or by illumination with long 
wave-length rays.*’ 

The primary current is electronic, due to the definite production of elec¬ 
trons, plus their movement under the applied e.m.f. It would appear that 
the considerations already advanced concerning the liberation of photo-elec¬ 
trons in the silver halides, in respect of lattice energy and electron affinity, 
should also apply to the process of photoconductance. Here again, as in the 
photochemical decomposition, the effect is produced at wave-lengths ex¬ 
tending into the long wave-length side of the characteristic absorptions. 
Moreover, in typical cases^ the Einstein photo-electric equivalence principle 
is followed, in that one electron is produced for each quantum of radiation 
absorbed independently of the frequency. 

One face of the difficulty of the quantum magnitude for the release of 
electrons in silver halides by light, inz., that concerning the electron affinity 
of the halogen, has been definitely recognized by K. Fajans.*^ More than that, 
his work on ionic deformation is one of the most important recent contribu¬ 
tions to the theory of photochemical sensitivity, and furnishes the most 
promising solution of the electron affinity difficulty as such. Fajans points 
+ —• + — 

out that in both [Na Cl] and [Ag Cl] o priori* the energy required to remove 

^ And also electron movement. 

* Cf. B. Gudden: loc. cit. 

* This is attributed to 'lattice loosening.” 

* Diamond and ZnS crystals (cf. Gudden: op. cit.). Selenium shows deviation from this, 
due probably to a secondly interfering factor. 

* Cf. Fajans and W. Frankenburger: Z. physik. Chem., 105 , 255 (1923). 

® Or in accordance with the thermodynamic considerations of the Haber-Bom cycle. 
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the valence electron from the Cl ion—^i.e., the electron affinity—is the same. 
‘'But the energy which becomes free on the attachment of the electron to the 
cation is different.'' This greater free energy for silver, or greater electron 
affinity of silver compared with sodium, might be advanced as an explanation 
of the greater photochemical sensitivity (in the sense of wave-length threshold) 
of silver chloride over sodium chloride. On similar lines to those developed 
by von Hevesy, the energy necessary to decompose the salts may be repre¬ 
sented as -v-i xTt- / 

EAgci = Nhp' = X - 173 

Eneci = Nhp^ = n — 118 
Enbci = Eaeci = Nhp*' — p' 


- v' = 55 kg. cal. 


“The energy of decomposition into atoms must therefore be 55 kg, cal. 
greater for NaCl than for AgCl. Introducing the quantum relation this 
means, however, that a greater frequency (p" > p') or shorter wave-length, 
is necessary for NaCl than AgCl." This is in agreement with the fact that 
NaCl is colored only by extreme ultra-violet or by X-rays. But he goes on 
to point out the apparent teleological assumption made in assuming that the 
“energy requirement for transfer of the electron from the anion to the cation 

does not depend solely upon the initial state (electron affinity of the halogen) 

+ + 

but also on the end state (attachment to the Ag or Na ions). That is, the 

electron must know already on its separation whether it is to reach an Ag or 
+ 

an Na ion, and adjust its energy consumption accordingly." He further 
points out that repugnant as this may be to our causal reasoning, it is the 
logic inherent in the Bohr theory of spectra. (C/. p. 190). Fajans proceeds, 
however, to indicate another possibility, m., that contrary to the tacit as¬ 
sumption so far made, the Cl ion may not be in the same initial state in silver 
chloride as in sodium chloride. If it were, the quanta necessary to produce 
photoconductance with NaCl and AgCl, where the electrons are liberated but 
not accepted by the cations, should be the same. But actually AgCl conducts 
for X400 mu. (and beyond), NaCl not even at X186 m/x. This difference he 
ascribes to the deformation of the anion by the cation, which can be repre¬ 
sented, first as a polarization, or induced dipole formation, secondly as a dis¬ 
tortion of the electron orbits of the anion. 

It is to be noted that in crystal lattices of the NaCl (and AgCl) type, this 
cannot give rise to a one-sided polarization of the whole anion, because of the 
symmetrical field of the cations surrounding it, but the individual elliptic 
orbits may be regarded as unilaterally deformed by the cations. This de¬ 
formation brings about decisive changes in the properties of saline (hetero- 
polar)bodies. It is manifested not only in the molar refraction, but also 
in the absorption. Fajans remarks that “it is of great importance for the 
photochemical behavior of salts that these deformation phenomena by heavy 
metal cations often lead to a facilitation of the separation of an electron from 
an anion." (In this connection he cites Gudden and Pohl’s observation^ that 


‘Z. Physik, 16, 42 (1923). 
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the photoconductance of heteropolar compounds proceeds in parallel with the 
strength of deformation as judged on other grounds.) 

Two important conclusions appear to be established by this. Fajans' 
conception of ionic deformation gives a reasonable explanation of the lowered 
electron affinity of the halogen and anions due to the influence of the silver 
cations. In effect, part of the work to be done has already been effected. 
Since this work is afforded by the cation, the subsequent energy afforded by 
the binding of the electron to the silver ion must be correspondingly less. 
Hence, the algebraic sum of the terms — Ex + Iak can remain the same, 
leaving the lattice energy calculated by Born’s cycle the same. 

In that case, while the energy diffi¬ 
culty for the electron affinity of the 
halogen qua free, quasi-gaseous, halide 
ion, is removed by the deformation 
principle, the difficulty of the lattice 
energy itself apparently remains. 

Yet von Hevesy’s evidence shows that ^ 
the degree of lattice disorientation, which 
would indicate local or partial reduction 
of lattice energy, goes parallel with the 
ionic deformation (cf. Table VI) and 
this is borne out by Fajans^ citation of 
Gudden and Pohrs observation that 
the photoconductance of heteropolar 
compounds proceeds in parallel with b’ 
the strength of the ionic deformation as 
judged on other grounds. 

Are we then to regard the values of the lattice energies calculated ther¬ 
modynamically for the silver halides as incorrect? We have seen that the 
values obtained from the compressibilities were considerably lower, and this 
might be regarded as supporting this view. However, Heckmann^ has 
pointed out that the electric constants involving the compressibility are 7 iot 
affected by ionic deformation as such, since these are related to a uniform 
dilation of the lattice. In any case, the values from the compressibility still 
require quanta of greater magnitude than those operative either in photo¬ 
chemical action, or in photoconductance. 

We arc then forced to one of two conclusions. Either the lattice energy 
does not affect the work required to release an electron from a halide ion 
in silver halides, whether in photochemical or photo-electric effects, or, both 
the photo-electric and the photochemical effects take place primarily in such 
disoriented parts of the lattice that the initial work can be supplied by the 
quanta available. The first view is contrary not only to the thermodynamic 
grounding of the lattice energy, but as will be shown later, is directly in con¬ 
tradiction with the whole electrostatic theory of lattice structure. 

* “Die Gittertheorie der festen Kdrper.^' In “Ergebnisse der exakten Wissenschaften/’ 

4 , (1925). 



Fig. 3 

ppo-Cramer: “Die Grundlagen der 
f)tographi 8 chen Negatiwerfahren, “ 

p. 656 (1927) 
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There remains, therefore, as the more probable conclusion the theory that 
the light action must be effective in certain portions of the lattice, which are 
already disoriented parts of the crystal. Now, in the case of photodecom¬ 
position, it might seem sufficient to limit this at once to actual surfaces of the 
crystals. Since the ions in a surface layer are not symmetrically placed in 
regard to neighboring ions, but imilaterally affected, not only will they have 
less lattice energy as such, but any ionic deformation will not be spatially 
symmetrical but will be equivalent to a dipole moment,^ even in vacuo, 
and apart from the possible effects of adsorbed foreign molecules or ions. The 
energy of the surface layer is in fact the energy of a half lattice (supposing 
an infinite lattice cut in two and the two halves infinitely slowly removed 
from each other) plus the energy of the surface sheet of atoms.^ It has been 
shown by Weigle* that the potential energy of an electron in the surface of a 
crystal can be taken on an average as the mean value for all the possible 
crystal surfaces, and that this mean value equals 1/2 where </> is the lattice 
potential in volts. If we could assume that this held for the liberation of an 
electron in a silver halide lattice, then without other disorientation effects, 
the quantum requisite would be brought down to near 400 m/i. 

We have only then to suppose a relatively small additional disorientation 
to have the threshold in the region actually effective in photodecomposition. 
This may be supplied by the contribution of the ionic deformation to the dis¬ 
orientation in a surface layer of atoms (c/. p. 34) or may be supplied by ad¬ 
sorbed gases or vapors, e,g., water. Very careful experiments on superdry^ 
silver halides in vacuo are required to establish this threshold. 

The fact that the photochemical decomposition of the silver halides is 
not limited to the absolute surface, but can proceed, for thin layers, to nearly 
100 per cent decomposition® might seem in disagreement with this mona¬ 
tomic view. But actually the photochemical decomposition commences 
locally on the surface of the crystals® and proceeds at the new interfaces thus 
produced. 


Internal Disorientation and Photoconductance 

However, the lower lattice energy of surface layers of the crystals does 
not by itself appear sufficient to account for the photoconductance of single 
crystals of pure substances, which Gudden and Pohl have shown to be a 
volume effect. In this case, it appears necessary to assume a certain degree 
of internal disorientation, which may indeed be limited to individual ions 
which can react more or less independently of the lattice assemblage. Such 
ionic ^'rogues^^ might be regarded as statistical consequences of the thermal 


^ Cf. Heckman: loc. cit. 


*Cf. Bom and Stem: Berlin Ber., 1919 , p. 901; M. Yamada: Physik. Z., 24 , 364 (1923); 
25 , 52 (1924). 

’Z. Physik. ^^Ueber die Gitterenergie imd die Abldsearbeit von Elektronen bei Cal¬ 
cium, 40 , 539 (1926). 

* H. B. Baker: J. Chem. Soc., 61 , 728 (1892). 


*C£. Hartung: J. Chem. Soc., 127 , 2691 (1925); 1349 (1926). 

«S. E. Sheppard and A. P. H. Trivelh: J. Phys. Chem., 29 , 1568 (1925). 
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vibrations of the ions about their main positions, which is in accord with 
von Hevesy^s suggestions on lattice disorientation. As against this, there 
may be counted the very small temperature coefficients of both the photo¬ 
electric conductance and the photo-chemical decomposition.^ That a tem¬ 
perature influence must begin to appear at higher temperatures seems prob¬ 
able from the phenomena of thermionic emission of heated solids.- 

There is, however, another aspect of the photoconductance effect which 
distinguishes it from the case of photochemical decomposition. 

Gudden and Pohl have shown that the electrons migrating to the anode 
are replaced by electrons from the cathode. In this case then, the lattice 
structure need not be broken down, especially if as suggested by Gudden 
and Pohl, the electronic conduction is not a total migration of free charges, 
but a handing on of electrons from one excited anion to another. Yet it is 
significant in this connection that the replacement from the cathode may oc¬ 
curs only after a considerable interval, which may be reduced to practically 
zero by heating or irradiation with long wave-lengths^^which tend to loosen 
the lattice.’* The total magnitude of the primary current in these cases does, 
therefore, depend upon temperature. 

The complexity of the influence of wave-length upon the photoconductance 
has been noticed by von Hevesy also. He states* ^^while crystals with small 
disorientation tendency first react on exposure to very short wave-length 
light, it is sufficient to radiate crystals with great disorientation tendency 
with longer wave-length light to get a notable increase in conductance.” 
He also points out, as observed by Gudden and Pohl, that the primary elec¬ 
tronic current gives rise to an extension of the wave-length absorption ef¬ 
fective for the replacement current. The degree of internal disorientation 
cannot be independent of the state of the surfaces of the crystal. When 
these surfaces are in actual electric contact with other conductors—as in 
photoconductance experiments, there will be a gradient of unilateral polari¬ 
zation or deformation through the ciy^stal which is simultaneously an ionic 
deformation and a lattice disorientation. It is pointed out by Heckmann^ 
that “increase in electronic binding between cations and anions means a 
loosing of the binding with which a lattice ion is kept in its equilibrium 
position.” 

While theoretically the “infinite” ionic lattice has neither a dipole moment 
nor a quadrupole moment the existence of oppositely charged poles on parallel 
surfaces will tend to establish a certain degeneration to quadrupole and di¬ 
pole moments. 

‘ On the small value of the t. c. of photoconductance in 8e, see Piersol: Phys. Rev. (i) 
30 , 664 (1927). More comprehensive studies are required, however, of the t. c. both in 
photoconductance and photodecomposition, particularly with regard to the wave-length 
threshold. 

* C/. O. W. Richardson: ‘The Emission of Electricity from Hot Bodies,’' 2nd Ed. (1921). 

® Loc. cit., p. 349. 

* Heckman: op. cit. 
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Energy of Activation and Photochemical Decomposition of Silver Halides 

In so far as a preliminary overcoming of lattice energy is necessary before 
absorbed radiation can loose an electron, it is analogous to the ‘^energy of 
activation^' in chemical reactions.^ We have suggested that this preliminary 
work must already be largely accomplished in the case of the silver halides, 
because the thermodynamic considerations indicate that the quantum re¬ 
quired is larger than that afforded. If further it be admitted that the pri¬ 
mary liberation of electrons must take place at surfaces and at internally 
disoriented ions, then since the reaction will be increasing the interface (in 
the photochemical reaction) it will be autocatalytically supplying the con¬ 
dition for further disorientation. More than this, a certain excess of energy is 
freed by the combination of the electron with the silver cation (c/. p. 253) 
although this has been drawn on to some extent in the deformation of the 
anion. Supposing all of this to be so absorbed, there remains a considerable 
excess, together with the energies of dissociation of the halogen, and the heat 
of sublimation of the silver, as indicated by the equation 


<^ = U + (Ex — Jxg) — Dx — Sxg. 


Actually, the silver does not have to be condensed from the gaseous to the 
solid state, but the silver metal lattice can form in situ. This means simply 
that the relative movement of the electron to the silver cation need be very 
small, since the silver lattice can be regarded as a silver cation lattice inter¬ 
penetrated by an electron lattice. 

It is concluded from this that the photochemical decomposition of silver 
halides, and other heteropolar ciystals, joins with a number of thermal re¬ 
actions as a typical case of heterogeneous catalysis at interfaces. The de¬ 
velopment of this conception in regard to the formation of the latent image 
is reserved for independent treatment. One corollary with regard to this 
problem, however, may be mentioned. If a certain quantum of light is re¬ 
quired for activation or lattice disorientation independently of the electron 
liberation from the anion, then some support is found for the suggestion of 
E. A. Baker^ with regard to the so-called ‘^reciprocity failure" with photo¬ 
graphic plates. It might also be concluded from this that instead of one Ag 
atom being reduced for each quantum absorbed, as found by Eggert and 
Noddack’ it should require two. It is in fact notable that Weigert's recalcula¬ 
tion^ of their results indicates a quantum eflSciency much nearer 0.5 than i.o. 
The possibility of two quanta being required is indicated by Weigert's in- 
v'estigation of the photolysis of o-nitro-benzaldehyde. It is too much to say 
that this supports the view of a preliminary phototropic activation (in the 

1 Cf. Hinshelwood; Chem. Rev, 3 , 227 (1926). 

* Proc. Roy. Soc. Edin., 47 , 34 (1927;. 

* Loo. cit. 

^ Trans. Faraday Soc., 21, 453 (1925-6). 
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sense of induced dipole movement, corresponding to lattice loosening,^ pre¬ 
ceding or rather synergic with photochemical decomposition in solid crystals. 
But it suggests the desirability of testing further this hypothesis. 

The Photo-Electric Effects 

The conclusions reached for photochemical decomposition from con¬ 
sideration of the lattice energy are in good agreement with those reached for 
the photo-electric effects by Gudden and Pohl.'^ They pointed out that the 
quantum principle of light absorption yields two consequences for electron 
emission. 

a. The kinetic energy of the electron should vary linearly with the fre¬ 
quency. 

b. The number of electrons should increase proportionately to the wave¬ 
length. 

The first conclusion, expressed by Einstein’s equation 

1/2 mv“ = hv — p 

has been very fully confirmed by experiment. The second has had quite 
other fortune. Two types of dependence of the number of electrons upon the 
wave-length have been established experimentally. In one, the “normal” 
effect, the number of electrons increases with the frequency, in the second, 
the “selective” effect, there is a sharp maximum at a particular wave-length. 
The latter, although always accompanied by the normal effect can be sepa¬ 
rated by using polarized light and specular metal surfaces. The “selective” 
effect is suppressed, when the incident light has no electric vector perpen¬ 
dicular to the metal surface. The “selective” effect also deviates completely 
from the conclusion (b) while in both cases the “equivalence principle” fails, 
i.e,, there are required many quanta for one electron. 

These deviations were attributed to surface factors, because, e.g.j the 
spectral distribution of both the “normal” and the selective effect could be 
shifted arbitrarily for one and the same metal by alteration of the surface. 

For these reasons Gudden and Pohl transferred their attention to the 
“inner photo-electric effect,” or photoconductance, in which the surface is 
largely eliminated. The principal features they distinguished have been 
described (p. 034). But it is to be noted that two types of material may be 
contrasted. In the one, as diamond, or pure zinc sulfide, the absorption is 
due to the material itself. In the other, as in colored NaCI crystals, it is due 
to foreign material, in this case dispersed metallic sodium. 

The quantum equivalence principle (b) was found to be verified for the 
first type (proper absorption) on the long wave-length side of the character¬ 
istic absorption, but the photoconductance becomes negligible in the region 
of higher absorption^ t.e., on passing to the short wave-length region of the ab¬ 
sorption band. 

1 S. E. Sheppard: Chem. Hev., 4, 319 (1927). ‘'Antagonism of Radiations in Photo¬ 
chemical and Photographic Reactions.’’ 

*Cf. Pohl: Naturw., 14, 214 (1926). 
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When we reflect that the primary photoconductance effect is obliterated 
by the production of interfaces and discontinuities, this result is very sig¬ 
nificant. Because it is the result which would follow if the increasing fre¬ 
quency was approaching a point at which large lattice loosening was effected. 

The quantum principle was also verified for one kind of colored NaCl, viz., 
faintly yellow colored, by X-rays, but not for natural blue and violet rock 
salt. In this case the verification apphed to a selective (resonance) absorption 
band. It is to be noticed that the blue and violet salts contain ultramicro- 
scopically visible particles, the yellow, amicroscopic. But it was not pos¬ 
sible to establish the relation for the typical '^selective^^ photo-electric effect, 
since it has not been possible to measure the light absorption in the surface 
layer, which alone is responsible for the ‘‘selective^' effect. Gudden and Pohl 
conclude that electrons in crystals exhibit only the quantum absorption and 
dependence of number upon wave-length in two cases: 

(i) In the case of crystals with proper absorption, only in the long 
wave-length edge of the absorption region. In this region only such mole¬ 
cules absorb as are isolated fom the large mass by thermal perturbations or 
other lattice failures. 

(ii) In crystals colored by impurities only when these are molecularly 
dispersed. The electron yield is greatly diminished when the metal atoms 
are packed to even ultramicroscopic particles. 

These conclusions are fuUy in accord with the deduction for photochemical 
change which we have drawn from consideration of the lattice energy of 
crystals. This is still more evident in PohUs final summary, which is, there¬ 
fore, quoted in extenso. 

^Tn both cases the absorbing molecules are separated from their fellows. 
There can be no mutual action with neighboring, similar absorption centers. 
This alone appears to be the condition, according to which a quantum hj' 
absorbed in a solid body can be retained as kinetic energy of a single electron. 
Hence an ideal metal lattice should show no surface (external) photo-electric 
effect. Such can occur only when single molecules are in some way distin¬ 
guished from the majority, such as by the neighborhood of foreign mole¬ 
cules with quite other proper frequencies.^^ 

These single molecules, or rather atom ions, correspond fully to the sub¬ 
limed or gaseous atomions required by the lattice theory, while the effect of 
adsorption of foreign bodies in shifting the ^^selective^’ photo-electric effect 
in the spectrum either into the long waves (sensitizing) or into the short 
waves (desensitizing) finds remarkable parallels in the photographic behavior 
of the silver halides. 

Orientation at Interfaces and the Photo-electric Effect 

It is a task for the future to determine how the “activation^^ producing the 
responsive isolated ions in photoconductive crystals is brought about. “ Some 
of the factors in such lattice loosening have been indicated in this paper. In 
so far as concerns the photochemical decomposition, the hypothesis of con¬ 
comitant assymetric lattice distortion and ionic deformation, equivalent to 



LATTICE ENERGIES OP THE SILVER HALIDES 


273 


gradients of induced polarity in consequence of adsorbed conductors, has already 
been indicated by one of the writers in relation to photographic sensitivity.* It 
was then termed the “orientation hypothesis” of sensitivity. It is believed 
that the considerations advanced here can lead to greater precision of this 
hypothesis. It is pointed out by PohP that the influence of the electric light 
vector in the selective photo-electric effect—which is experimentally measur¬ 
able chiefly with good specular surfaces—is shown in the production of the 
effect only when a component vibrating perpendicular to the plane is present. 
It must, therefore, be concluded that the adsorbed metal vapor atoms are 
oriented relatively to the adsorbing layer, so that there are no electronic 
orbits (or their equivalents) parallel to the adsorbing layer. Support for this 
is found in H. E. Ives* observations of strong selective photo-electric effects 
with monatomic layers of sodium rnetal on glass. 

But orientation and increase of electrical moment are sjmonynious 
terms. The dmrientation of ionic lattices, referred to in the paper, is equiva¬ 
lent to an orientation gradient of the ions concerned gi\dng preferential 
directions of electron movement and photochemical decomposition. 

It may be pointed out further that the conclusions reached, if found valid, 
establish important connections between photochemical reactions of solids, 
photochemical reactions of gases, and chemical reactions catalyised at the 
surface of solids. The photochemical reactions of solids are assimilable to 
photochemical reactions of gases adsorbed to solids. 

Rochester, N. Y. 

April 30,1928. 


‘ 8. E. Sheppard: Phot. J., 65 , 380 (1925); 8. E. Sheppard and A. P. II. Trivelli: . 1 . 
Phys. Chem., 29 , 1568 (1925); S. E. Sheppard: “Colloid Svnipo.siuin Monograph, 3 , 75 

(1925)- 

* R. Pohl: loc. cit. 

’ H. E. Ives and A. L. Johnsrud; . 4 strophys. J., 60 , 209, 231 (1924). 



THE KINETICS OF THE COAGULATION OF GOLD SOLS 

An Investigation of the “Thermo-Senescence Effect” exhibited at Elevated 

Temperatures* 

BY ANN B. DAVIES 


Introduction 

The present work has been carried out with the object of investigating the 
change in behaviour as regards rate of coagulation which is exhibited by gold 
sols as a consequence of the sol having been maintained at a fairly high tem¬ 
perature, namely 8o°C, prior to the addition of the coagulating agent. The 
phenomenon is here termed the “thermo-senescence” or “thermo-ageing” 
of the sol. 

The Smoluchowski equation has been used as a basis throughout the 
present investigation. Two regions of coagulation have been formulated by 
Smoluchowski, namely, a region of “rapid coagulation” corresponding to a 
state of complete electrical discharge of the particles, in which the rate of 
coagulation is independent of any further increase of electrolyte concentra¬ 
tion, and also a region of “slow coagulation” in which the particles are only 
partially discharged and in which the rate of coagulation is dependent on elec¬ 
trolyte concentration. These terms are used in this sense in the present in¬ 
stance. 

The equation obtained by Smoluchowski to give the rate of disappearance 
of primary particles is 

_ 

(i+/3t)* 

where Vo = no. of primaries at zero time, 

vi = ” ” ” ” time't’ 

jS = Smoluchowski’s constant. 

Smoluchowski has shown that the constant jS - 47rDpi'o 

where p = radius of sphere of attraction of a primary particle, 

D = the diffusion constant as given by Einstem’s equation, namely 

N 6irr)j 

N the Avogadro constant, r the radius of the particle, and rj the 
viscosity of the medium. 

Various investigators have tested this equation for the regions qf both 
slow and rapid coagulation. The general conclusion arrived at is that whilst 
the Smoluchowski equation holds reasonably well for the region approxi- 


* C(»nmumcated by Professor W. C. M. Lewis. 
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mating to “rapid coagulation/' it is inapplicable, in its present form, to the 
region of “slow coagulation." In this slow region, the equation requires 
modification to allow for the various electrical influences, but since the exact 
magnitude and mechanism of these is so far unknown, an adequate quanti¬ 
tative relation for this region has not yet been advanced. 

The Problem of Ageing. 

The term ‘ageing' is usually applied to the changes exhibited by a sol 
when it is kept at room-temperature, but this temperature limitation is purely 
arbitrary. The ageing process seems to follow no definite law and to differ 
with the type of colloid. So far, the effect of alteration in temperature on 
the ageing of sols does not appear to have been investigated systematically. 
It is possible that maintenance at a high temperature may influence to a 
noticeable extent one or more of the many possible changes which occur 
during slow ageing at ordinary temperatures. Physico-chemical changes 
produced in this manner are denoted by the term “thermo-senescence." 

The amount of coagulation experienced by a gold sol when treated with a 
fixed amount of electrolyte and allowed to coagulate for a definite time in¬ 
terval (coagulation time) at a given temperature, is found to depend on the 
period during which the sol is maintained at this given temperature before 
the addition of electrolyte takes place, i.e., prior to the initiation of the actual 
coagulation process. This period is called here the “Ageing Period" of the sol. 
A measure of the coagulability of a sol is given by jS, the Smoluchowski 
coefficient. 

The present investigation is confined to the region of “slow coagulation," 
using BaCl2 solution as coagulant. 

Experimental 

Materials. 

In the following investigations, (^ox's gelatin, Merck's potassium car¬ 
bonate, and B.D.H. barium chloride, have been used. The barium chloride 
was recrystallised from distilled water before use. All solutions were made 
up with conductivity water. This conductivity water was prepared by the 
redistillation of ordinary distilled water from a silver-lined copper vessel. 

All glass vessels were either Duro or Jena glass. All vessels used for 
gold sol or electrolyte were thoroughly cleaned before each experiment, with 
aqua-regia, then alcohol and nitric acid mixture, finally washed well with 
distilled water and sterilised by steam from redistilled water. The minimum 
time of steaming was three minutes. 

The vessels used for gelatin could not be cleaned in the above manner 
because acids give an insoluble deposit with the protein. Consequently, 
these vessels were first treated with strong caustic soda to remove the gelatin 
and subsequently well washed with soap and water. This was followed by a 
further thorough washing with distilled water, the vessels finally being 
steamed. 
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In the case of the standard Hatschek cells used for the percentage red 
determinations, the final steaming cannot be carried out as the adhesive used 
to prepare the cells has a low melting point. 

Preparation of Gold Sols, 

The following ‘^acetone method’^ was used:— 

To 480 CCS of redistilled conductivity water, 5 ccs of a 1.2 per cent solution 
of gold chloride were added, together with 14 ccs of a 0.18 N potassium car¬ 
bonate solution, and 3 ccs of acetone. On warming the solution, a pinkish 
tinge appears which deepens as the temperature rises. The solution is brought 
to boiling point and allowed to boil vigorously for about three minutes. 
A clear ruby-red sol results. 

The clear ruby-red sols were dialysed in collodion membranes against 
distilled water for three days, the water being changed twice a day. The 
conductivity of the dialysed sols varied from 1-2 X 10”® mhos. 

Method of Determination, 

Hatschek^s^ colorimetric method was used to determine the degree of 
coagulation. A stage in the act of coagulation of colloidal gold involves a 
colour change from red to blue, and this method is based on the assumption 
that the red colour is due entirely to primaries. The percentage red remain¬ 
ing at any time is proportional to the amount of uncoagulated sol. 

The percentage red is measured by means of the ‘^Hatschek wedge’' 
which is fully described in Hatschek’s original paper. 

Since climatic conditions here prevent the permanent use of “diffuse 
daylight from a bright sky” (recommended by Hatschek) as a source of 
light, the source of illumination was an 800 C.P. lamp. The light from this 
was rendered sufficiently diffuse by reflection from a white surface and 
passage through a piece of matt glass before reaching the “wedge,” an ar¬ 
rangement used by Miss Garner.^ 

Mode of Procedure, 

Throughout this investigation, the coagulation reactions have been 
carried out in flasks immersed in a thermostat at the required temperature. 
Stirring has been eliminated as far as possible, since, although it is known 
that this increases the rate of coagulation, the conditions have not been 
sufficiently worked out to ensure reproducibility and comparability in respect 
of this variable. 

The general mode of procedure was as follows:— 

Into two wide-necked chemically-clean flasks were introduced 50 ccs 
of gold sol and i cc of BaCU solution respectively. These were corked and 
fixed, well-immersed, in a thermostat. The flask containing the electrolyte 
was immersed for about a quarter of an hour before the actual coagulation 
process began. The flask containing gold sol was immersed for different time 
intervals, i.e., ageing periods. The gold sol was then poured quickly into the 

* Hatschek: Trans. Faraday Soc., 17 , 499 (1921). 

* Maud Gamer: J. Phys. Chem., 30 , 1404 (1926). 
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electrolyte and the time noted. After a definite period of time, the coagula¬ 
tion was arrested, as recommended by Zsigmondy^ by pouring the mixture 
into 10 CCS of a I per cent gelatine solution. This mixture (cooled to room 
temperature) was introduced into the Hatschek apparatus and the per¬ 
centage red in it determined. 

Experimental Error involved. 

Different samples of the same batch of sol (the numbers attached to the 
sols in the tables refer to different batches) have been found to give con¬ 
cordant results to within 1-2 per cent, providing such results refer to the same 
ageing period. In time measurements, the experimental error is ± 3 ^ second. 

It must here be emphasized that, owing to the extreme difficulty of 
manipulation at this high temperature (8o°C), it was impossible to keep the 
flasks very tightly corked, and so a slight evaporation effect is inevitable. The 
influence of this is considered later. 

Experimental Results 

In all the tables given, the concentration of electrolyte BaCl: in the sol is 
0.001068 N. 

The choice of coagulation time is purely arbitrary, but 20 seconds gives 
a suitable degree of coagulation (about 35 per cent to 45 per cent red in most 
cases.) Readings at the extreme ends of the scale are difficult to determine 
accurately. 

In the tables, the term ^ageing period^ refers to the time during which the 
sol is maintained at the temperature of the thermostat (8o°C"), prior to the 
initiation of the actual coagulation process. 

The tables given are typical of those obtained during this investigation. 


Table I. (Sol 11) 


Ageing 

Period 

('Oagulation 

time 

Per cent 
red 

d 

10 mins. 

20 secs. 

35 

2.07 

20 


40.625 

1.707 

27 ” 


48.75 

1,296 

45 ” 


51.25 

I.[895 

2 hrs. 

77 

58.75 

0.915 

2h. 45m. 

77 

57-5 

0.957 


Table II (Sol 

iib) 


Ageing 

Penod 

Copulation 

Time 

Per cent 
red 

d 

35 mins. 

20 secs. 

34.375 

2.118 

50 

77 

350 

2.07 

ih. lom. 

77 

48.75 

1.296 

2h. 30m. 

77 

36.87s 

1.941 

3 hrs. 

77 

36.87s 

1.941 


^ Zsigmondy: Z. physik. Chem., 92 , 600 C1917). 
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Table III 



Ageing 

Period 

Coi^lation 

Time 

Per cent 
red 

18 

15 mins. 

20 secs. 

45-625 

1.44 

30 

7f 

46.87s 

1.38 

I hr. 

}} 

47-5 

I- 3 S 2 

ih. 30m. 

n 

48.7s 

1-2975 

2 hrs. 

)> 

59.37s 

0.8925 

2h. som. 

«« 

58.75 

0.91S 


Table IV. (Sol 

IV) 


Ageing 

Period 

Coag\ilation 

Time 

Per cent 
red 


ih. 30m. 

20 secs. 

42.5 

1.602 

2 hrs. 

tf 

44 .375 

1-503 

2h. 30m. 

fj 

49 .375 

1.269 

3 hrs. 


51.25 

1.189s 

3h. 30 m. 

If 

44 .375 

1-503 


Table V 

(Sol IV 14 days later, during which time the sol was kept at 


room-temperature.) 


Ageing 

Period 

Coagulation 

Time 

Per cent 
red 

n 

I hr. 

20 secs 

41.875 

1-635 

ih. 30m. 

ff 

48.125 

1-323 

to 

ff 

50.625 

1.218 

2h. 20m. 

ff 

53.125 

1. 116 

2h. 55m. 

ff 

so 

1.242 

4 h. 40m. 

ff 

50.625 

1.218 


Measurements similar to those just recorded were also carried out with 
sols which had been aged for various periods (up to 18 hours) at 25®C. As 
was to be expected, no detectable thermo-senescence effect manifested itself, 
the ageing effect at this temperature being immeasurably slow. 

Discussion of Results 

The results for thermo-senescence at 8o®C given in the tables show in gen¬ 
eral a fall in jS followed by a rise as the preliminary ageing period is increased. 

All the results point to a minimum value of 0 corresponding to 2-3 hours 
ageing period, in most cases. This ageing period corresponding to a minimum 
value of 0 is here termed the '^critical ageing period,^^ and it appears from the 
results to be dependent on the properties of the sol itself. 

As one would expect, the actual minimum values for /3 also vary with 
the sol, though they are sensibly constant for the same sol. In all cases, the 
minimum for is followed by a rise, the extent of this rise appearing to differ 
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with the sol, in some cases being only very slight, and in others appreciable. 
This point is referred to later. 

The presence of a maximum or minimum indicates the presence of two 
opposing effects. 

The more important effect is the initial fall of /3 with increase in the 
ageing period. This is conveniently termed the “primary effect of thermo- 
senescence,^^ as opposed to the other effects which may possibly occur during 
very long ageing periods. The subsequent rise in jS following on the mini¬ 
mum has been found to be due to more or less inevitable evaporation effects 
occurring at the relatively high temperatures employed. 

A number of suggestions might be made to account for the metastable 
condition of the sol, as shown by the initial fall in jS. Of these, three may be 
briefly considered. Thus: 

(1) High temperature may cause splitting-up of complexes into pri¬ 
maries, leading to an increase in vi. 

(2) High temperature may cause a contraction in the surface area of 
the primaries and hence an increase in the mean charge density on them. 

(3) High temperature may cause a decrease in the adsorptive power of 
the colloid particles for oppositely charged ions, and thus lead to a slower 
rate of coagulation. 

(r) If the first explanation is correct, it would be expected that by a 
suitable increase in temperature, a completely coagulated blue sol could be 
converted into a red, or partially red sol. This effect has not, so far, been 
observed. If, as is generally supposed, uncoagulated red sol contains only 
primaries, this postulate assumes that the increase in percentage red Pi) 
takes place during the actual coagulation process at 8o°C and since this is of 
constant duration in each case, we would hardly expect a previous immersion 
of the sol to effect it. 

(2) A more probable explanation is that in which the meta-stability of 
the sol during the primary ageing period is assumed to be due to a contraction 
of the surface area of the particles caused by the increase in temperature. The 
actual electrical charge on these particles remains the same, but decrease 
in the surface area would cause an increase in the mean charge density on the 
particles. Since it is the mean charge density which is important in the co¬ 
agulation by electrolyte, this would lead to a decrease in jS. 

Recent work on the structure of gold sols leads us to assume that col¬ 
loidal gold particles are not solid spheres of gold, but that their structure is 
very complex, and may be regarded as consisting of a micelle formed of 
dispersion medium, complex gold ions, possibly some free ions from the dis¬ 
persion medium, together with an interlacing network of gold,—this forming 
a kind of mesh. Definite proof of crystalline structure was given by the 
method of Debye and Scherrer,^ so that in the micellae of these sols minute 
crystals of the metal are presumably embedded. 


1 Debye and Scherrer: Physik. Z., 17 , 277 (1916). 
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Assuming that the colloidal particles in gold sols do possess such a struc¬ 
ture as that outlined above, it is then easily seen that during ageing a con¬ 
traction of the surface area is at least possible. Any particle consisting of 
such a complex, would be expected at a fairly high temperature to have a 
tendency to lose some of the dispersion medium contained in the micelle 
and crystallisation forces could also come into play, both effects leading to 
a decrease in the surface area of the particle, the particle at the same time 
becoming more definitely crystalline. Zsigmondy^ gives evidence to show 
that the particles in colloidal gold on ageing become more crystalline. It 
must be emphasized, however, that no definite proof can as yet be advanced 
for this view of the contraction of the surface of colloidal gold particles by 
the application of heat and during the process of ageing. The effect at¬ 
tributed to surface contraction might be ascribed to increased ionisation of 
the sol, in the light of the results obtained by Pennycuick^ for colloidal 
platinum. 

(3) The third suggestion made to account for the fall in jS during thermo¬ 
senescence, namely, that the adsorptive power of the individual colloid par¬ 
ticles for coagulating ion decreases with increase of temperature and with age, 
is one which has been previously put forward by other investigators as an 
explanation of results obtained for ageing® and for the temperature effect 
on the rate of coagulation.^ 

It is impossible to distinguish between explanations (2) and (3) on the 
basis of the experimental work dealt with in the present paper. The point 
is being investigated further in this Laboratory. 

Evaporation as an explanation of the subsequent rise in the value of jS. 

In order to test the adequacy of evaporation as an explanation of the 
secondary rise in the co-efficient jS shown in the tables, the following ex¬ 
periments were carried out: 

Evaporation was reduced to a minimum by the use of narrow-necked 
flasks of about 50-55 ccs capacity, filled to within 1.5 cm of the top edge. 
The flasks were stoppered as tightly as was possible under the conditions of 
experiment. At the same time, experiments were carried out in which evap¬ 
oration was allowed to occur to an appreciable extent. On graphing the values 
obtained, it became evident that the rise in P after the minimum has been 
reached, is considerably lessened by reducing the extent of the evaporation. 
In those cases where evaporation has been reduced to a minimum, it was 
found that jS reaches a minimum value which is sensibly constant over long 
ageing periods. Further, the attempt was made to correlate the values for 
the rise in jS with the actual volume change due to evaporation. 

The essentially qualitative nature of the results obtainable with colloids 
only justify a general and not a rigid quantitative analysis. 

^ Zsigmondy: Kolloidchem. Beihefte, 23 , 21 (1926). 

* Pennycuick: J. Chem. Soc., 1927 , 2600; Pennycuick and Best: 1928 , 551. 

* Ghosh and Dhar: J. Phys. Chem., 30 , 1564 (1926). 

^Mukherjee: J. Chem. Soc., 117 , 350 (1920). 
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The results are summarized in Table VI, in which the percentage rise in /S 
actually found is compared with the percentage rise in jS calculated from 
the percentage decrease in volume due to evaporation, using the expression 

per cent increase in p =- 

lOO — X 

where x == the per cent decrease in volume. 

This relation is easily deduced from Smoluchowski^s relation /3 = 47 rDi'o 
where Vo = initial number of particles per unit volume. 


Table VI 


Evaporation 

effect 

Ageing 

period 

Per cent decrease 
in V'ol. 

(x, found) 
(mean value) 

Per cent rise 
in 

(found) (calcd.) 

(mean value) 

Minimum 

3-4 hrs. 

4.9 

4.2 

5-15 

jy 

4-5 ” 

5-25 

6.37 

5 • 54 

yy 

5-7 ” 

7 • 5 

8.1 

8.1 

Appreciable 

2-3 ” 

10.0 

15-2 

11.1 

yy 

3-4 ” 

16.25 

26.9 

19.4 

yy 

4 - 6 ^ ” 

22.0 

38.2 

28.2 


It can be concluded from the figures contained in the foregoing table that 
the rise in /3 is reasonably well accounted for by the effect of evaporation, 
bearing in mind, of course, the essentially approximate character of the 
results. We conclude that when evaporation is kept at a minimum, main¬ 
tenance of the sol at 8o°C^ for at least 3 hours causes /J to attain a minimum 
value which is fairly constant. This means that the sol has reached a state 
of ^colloid' equilibrium.^ 

The Irreversibility of the Primary Thermo-Senescence Effect 

A considerable number of experiments were carried out to determine 
whether the fall in /3 due to maintenance of the sol at the elevated tem¬ 
perature was reversible or irreversible. The method employed was to com¬ 
pare the j 3 values obtained with (i) a sol which had been kept at 80° for 3 
to 4 hours, and subsequently cooled to 2 5®C (and maintained for 2 hours at 
this temperature) prior to addition of the coagulating electrolyte and (2) a sol 
which had been kept all the time at 25®C. It was found that the 0 value 
obtianed in case (i) differed considerably from that in case (2) and further 
the value of j 3 in (i) was lower than that in (2), in fact about one half of the 
value of the latter. This is what would be expected on the basis of the ir¬ 
reversibility of the ageing effect. 

^ This is a vague term which is meant, in this case, to indicate a physico-chemical 
equilibrium between the electrical, chemical, and other forces which exist in a colloidal 
system. 
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Temperature Coefficient of the Rate of Coagulation of Gold Sol 

In view of the foregoing results, it may be inferred that it is only legitimate 
to draw quantitative deductions from measurements obtained with a sol 
which has reached equilibrium. Since the effect of thermo-senescence is 
irreversible, it is possible to bring all gold sols to a stable state by merely 
mnintMTiing them at a high temperature for a suitable period of time, and 
then, after cooling the sols, to proceed to perform experiments on them, the 
results of which will be truly comparable. Also, from this standpoint, it is 
only justifiable to test Smoluchowski’s equation with sols which have reached 
equilibrium. This raises the question of the true temperature coefficient of / 3 . 

The following results have been obtained with gold sols working under 
conditions corresponding to minimum evaporation. The values of j8 re¬ 
corded for 2 5®C refer to sols which have previously been maintained at 80° 
for the requisite time to ensure colloid equilibrium being attained, the actual 
coagulation rate being determined at 25°. The values of /3 for 80° refer to 
sols which have likewise been maintained at 80° for the necessary time and 


then coagulated at this temperature. The results are given 

Table VII 

in Table VII. 

Sol 

Coagulation time 

fi 8 o° 

0 35 ° 

0 80725° 

XIV 

XIV 

30 secs. 

0.596 

0.I8IS 

3 283 

(i wk. later) 


0-53 

0.254 

2.086 

XV 

40 secs. 

0.269 

0.130 

2.07 

XVI 

ff 

0.289 

0.165 

1 - 75 ^ 

XVI 

(s dys. later) 

. ff 

0-335 , 

0.217 

1.544 


Miss Garner^ has shown that, from theoretical considerations, the tem¬ 
perature effect on j8 calculated from Smoluchowski’s equation is given by 


02 


= 

\n2T,/ 


01 


where Ti and Tj denote the temperatures (in degrees absolute) at]which 0i 
and 02 are measured, and jji and 1J2 are the viscosities at Ti and T2 respectively. 

Moreover, since we are dealing with comparatively “dilute” sols, their 
viscosities are assumed to be that of the medium (water.) 

At 2s“C., 1 J 298 = 0.498* 

At 8 o°C., 1J363 = 0.199 
From this follows the relationship;— 

(S... > ( i-ws X 3 sA 
\0.199 X 298/ 


or. 


2.964 


(a) 


^ Maud Garner: J. Phys. Chem., 30 , (1926). 

♦ Specific Viscosities obtained from ‘‘Smithsonian Tables/' 6th Revised Ed., p. 127 
(1914). Values used are those of Hosking: Phil. Mag., 17 , 502 (1909). 
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This relation would be expected to hold if the temperature effect on jS is due 
to the decrease in viscosity alone. Therefore, we infer from the results con¬ 
tained in the table that although presumably the temperature effect on vis¬ 
cosity does enter, it is not sufficient to account entirely for the observed 
temperature effect on / 3 . 

The order of magnitude of the observed ratio namely between 

1.5 and 3, indicates that there is no critical increment involved in the funda¬ 
mental process of coagulation. This conclusion, though surprising in itself, 
is the result anticipated from the results of other investigators, notably 
Freundlich and Basu^ and Miss Garner^ working in the region approximating 
to ‘^rapid coagulation.” 

It must be emphasised that the results obtained in this investigation refer 
to the region of *^slow coagulation,” where there is always the possibility of 
various electrical influences. Since the result for the temperature effect on 8 
is on the whole less than the value expected from the decrease of viscosity 
alone, this means that the rate of coagulation at a high temperature is less 
than we would expect, and there are various possibilities which would ac¬ 
count for this, such for example as that of the electric charge being a function 
of temperature which has already been discussed in another connection. 

In the region of rapid coagulation,” corresponding to complete electrical 
discharge of the particles, we would expect that the temperature effect on jS 
would be wholly accounted for by the decrease in viscosity, wsince no electrical 
forces are here involved. This point is under investigation. 

Siunmary 

(1) The change in behaviour exhibited by a gold sol as a consequence 
of it having been maintained at a fairly high temperature (8o°G) for a com¬ 
paratively short period of time (about 4-6 hours) has been investigated. 
The maintenance of a sol under standard conditions at a given temperature 
implies ageing, and since in this case the temperature is abnormally high, 
the term ^‘thermosenescence” or “thermo-ageing” has been coined for the 
phenomenon. 

(2) The effect of thermo-senescence at 8o°C is very pronounced and 
consists of 

(a) a primary effect which is a fall in the Smoluchowski coefficient /3 with 
increase of the “ageing period” of the sol, until jS reaches a minimum, after 
about three hours; 

(b) a secondary effect which is the subsequent rise in j 3 after the minimum 
has been reached. 

(3) Various explanations of the “primary effect” have been suggested. 

(4) The “secondary effect” has been shown to be fully accounted for by 
the influence of evaporation. When evaporation has been reduced to a mini¬ 
mum, then during thermo-senescence over periods up to six hours, P attains 

^ Freundlich and Basu: Z. physik. Chem., 115 , 203 (1925). 

* Maud Gamer: loc. cit. 
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a minimum value which is fairly constant, after an ageing period of about 
three hours. This means that the sol has reached a state of “colloid" 
equilibrium. 

(5) The “primary effect" has been shown to be irreversible. This is 
important in that it enables sols to be brought to an equilibrium state by merely 
maintaining them at a high temperature for a suitable period of time. 

(6) An attempt has been made, in the light of these results to obtain the 
tme temperature effect on the rate of slow coagulation. The ratio dao/ds6 is 
found to lie between 1.5 and 3.3. for different sols. If the temperature effect 
on B were due to decrease in viscosity alone, then this ratio would equal 2.9 
for all sols. The discrepancy is briefly discussed. 

The main general significance of this work is the demonstration of the 
necessity of first eliminating the variability due to thermo-senescence in the 
case of measurements of any colloid property even when such measurement 
is carried out at room temperature. 

Part of the cost of this investigation has been borne by a Grant made by 
the Imperial Chemical Industries Ltd. to the Department of Physical Chemis¬ 
try of the University of Liverpool which the writer acknowledges with 
gratitude. 

Musprait Laboratory of Physical and Eleciro~Chemislry, 

University of Liverpod, 

September S9,19S8. 



SOLUBILITY OF CALCIUM HYDROXIDE 


BY L. B. MILLER AND J. C. WITT 

Introduction 

The solubility of calcium hydroxide has been repeatedly determined by 
numerous workers with greatly varying degrees of precision. One of the first 
facts discovered was that the solubility of this compound decreases with rise 
in temperature. In summarizing the results of some of the more exact data, 
Mellor^ [from the composite results of Dalton^ Phillips,® Wittstein^ and 
Bineau^l gives the solubility of calcium hydroxide expressed in grams of cal¬ 
cium oxide per looo grams of water as approximately i.i8 at 30 degrees C. 
Seidell,® from the average curve obtained by plotting the results of Lamy, 
Mobeu, Herzfeld and Guthrie, gives a solubility for this substance of 1.16 
expressed as grams calcium oxide per 1000 grms of saturated solution at 2 5°C. 
A. Lamy^ found that calcium hydroxide varies in solubility according to the 
source from which it is obtained. He gives the following values for the solu¬ 
bility exf)ressed as grams calcium oxide per liter of solution at 30 degrees C. 

Galcium hydroxide obtained by hydration of calcium oxide 
from the calcination of calcium nitrate i. 142 

Calcium hydroxide obtained by hydration of calcium oxide from 
the calcination of marble 1.162 

Precipitated calcium hydroxide i • 195 

With the increased interest in solutions during the last quarter century, the 
solubility of calcium hydroxide has been redetermined under carefully con¬ 
trolled conditions. Noyes and Chapin® obtained a value of 1.13 grams of 
calcium oxide per liter of saturated solution at 2 5°C. Bassett and Taylor® 
in their study of the three-component system calcium nitrate-calcium oxide- 
water, obtained a solubility of 1.150 grams of calcium oxide per 1000 grams 
of saturated solution at 2 5°C. They used calcium carbonate precipitated 
from calcium nitrate by ammonium carbonate as their source of calcium 
oxide. The solubility of the compound was determined analytically after 
shaking for six months in cerasin-coated bottles at the indicated temperature. 
Cameron and Robinson^® obtained a value for the solubility of 1.18 grams of 
calcium oxide per 1000 grams of water at 2 5®('. In their determination cal¬ 
cium oxide was shaken in small glass bottles for ninety days. 

^ “A Comprehensive Treatise on Inorganic and Theoretical Chemistry,” 3 , 677 (1923). 

* “ A New ^stem of Chemical Philosophy,” 2, 331 fiSio). 

* Annals of Philosophy, (2), 17 , 107 (1821). 

^Report. Pharm., 1, 182 (1815). 

* Ann. Chim. Phys. {3), 51 , 290 (1857). 

* ^The Solubilities of Inorganic and Organic Compounds,” (1919). 

^ Ann. Chim. Phys. (5), 14 , 145 (1875). 

* Noyes and Chapin: Z. physik. Chem., 28 , 518 {1899). 

* J. Chem. Soc., 105 , 1926 (1914). 

i®J. Phys. Chem., 11, 273 (1906). 
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Purpose of the Investigation 

In connection with certain researches upon a related subject, it was found 
desirable to determine the solubility of calcium hydroxide in water at 30»C. 
It was of especial interest and value to us to know the solubility exhibited 
when freshly hydrated calcium oxide is kept in contact with water for a 
relatively short period of time. 

Apparatus and Method of Procedure 

The solubility and conductivity of calcium hydroxide in water was de¬ 
termined for a temperature of 30®C. A temperature of 30® ± .005 was ob¬ 
tained with a De Khotinsky constant-temperature water-bath. Conductivity 
was measured by means of the Leeds and Northrup equipment for precision 
work. Well-steamed Pyrex bottles of one liter capacity were used as con¬ 
tainers. The cell constant was determined at 3o°C. with solutions made from 
conductivity water and three times recrystallized and fused potassium 
chloride. Calcium oxide was obtained from two sources. Iceland spar was 
ignited to constant weight in platinum, and constituted the first source. For 
the other a c.p. grade of precipitated calcium carbonate was dissolved in c.p. 
nitric acid, and precipitated with a similar grade of ammonium carbonate. 
The precipitated calcium carbonate was filtered, washed, dried, and ignited 
to constant weight in platinum. Conductivity water was obtained by dis¬ 
tillation from alkaline permanganate solution. 

Since, from the nature of the materials the solubility of which was being 
studied (fine-grained solids), it was difficult to obtain samples of the solution 
for analysis free from the solid phase, except by allowing the solutions to 
stand at constant temperature over periods of several hours, the conductivity 
of the solution was used to indicate when equilibrium had been established. 
This method has the advantage of being simple and rapid, and of being un¬ 
affected by the presence of the undissolved solid materials. Determinations 
of conductivity may be made after successive small increments of time and 
the approach to equilibrium may thus be closely followed. 

Two complete and separate determinations of the conductivity and solu¬ 
bility of calcium hydroxide were made. 

The procedure followed in the first solubility determination was as fol¬ 
lows: Two separate portions of Iceland spar were ignited to constant weight 
in platinum containers. Each of these portions was then divided into frac¬ 
tions A and B. Samples i-A and 2-A were slaked virith a small quantity of 
conductivity water and allowed to stand over night in stoppered containers. 
These were then placed in well-steamed one-liter Pyrex flasks containing 
conductivity water previously brought to temperature, immersed in the 
water bath at 3o®C. and shaken in a mechanical shaker until equilibrium was 
reached. At the same time samples i-B and 2-B were placed iff one-liter 
Pyrex bottles nearly filled with conductivity water, allowed to slake, and fike- 
wire shaken until equilibrium was reached. In all cases sufficient calcium 
oxide had been used so that an excess of the solid phase was present. The 
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conductivity of the solutions was determined from time to time until three 
successive readings at two-hour intervals of shaking showed no further change 
in conductivity. 

By this procedure, solubility equilibrium was approached from both sides. 
In the case of the samples i-A and 2-A, which had been previously slaked with 
water, the conductivity was found to increase with time until a constant value 
was reached. Sample i-B and 2-B formed supersaturated solutions of calcium 
hydroxide, the conductivity first rising to a maximum and then decreasing to 
a constant value. The solid phase was then allowed to settle and aliquot 
portions of the supernatant solution drawn off for analysis. The calcium oxide 
content was determined by precipitation as the oxalate followed by ignition 
to constant weight. The results are given in Table I. 

Table I 


Sample 

Solubility expressed as 
grams ('aO per looo cc. of 
saturated solution at 

30 ^ 

Conductivity 
expressed as 
mhos X 10’ 

i-A 

I 195 

8.937 

i-B 

I . 200 

8.937 

2—A 

I . 198 

8.918 

2-B 

1.202 

8.946 

Average 

I. 199 

8.933 

Before the second series of experiments was made, some time had elapsed. 

The cell constant was 

therefore redetermined. Sample 3 

was prepared by 

igniting a sample of Iceland spar to constant weight in platinum. It was 
then divided into portions 3-A and 3-B. A sample of precipitated calcium 
carbonate (prepared as previously described) was similarly ignited and 

divided into portions 4- 

-A and 4-B. Samples 3-A and 4-A were first hydrated 

in a small quantity of conductivity water for twenty-four hours. They were 
then placed in one liter quantities of conductivity water at 3o°C. and shaken 
until no further change in conductivity occurred with three readings taken 

at two hour intervals. 

At the same time, samples 3-B and 

4-B were thrown 

into one liter quantities of conductivity water brought to 

a temperature of 

3o°C. and similarly observed. The solubility was determined as in the pre¬ 
vious series. The values obtained are given in Table II. The samples were 
then shaken for seventy-two hours more, but no further change in con- 

ductivity occurred. 

Table II 


Sample 

Solubility expressed as 

Conductivity 

grams CaO per 1000 cc. 

expressed as 

of saturated solution 
at 30°C 

mhos X 10* 


3 -A 

1.196 

8.856 

4 -A 

1.194 

8.856 

3 -B 

I .201 

8.929 

4 --B 

I . 196 

8.911 

Average 

I. 197 

8.888 
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In Fig. I are plotted the time-conductivity curves for samples i-A and 
i-B. These are typical of the type of curves obtained in this work. 

Discussion 

A comparison of the values for the solubility of calcium hydroxide ob¬ 
tained in this work with the best values reported in the literature show them 
to be somewhat higher than those previously obtained. It is a well-known 
fact that a very finely divided crystalline substance will show a higher solu- 



Fia. I 

Rate of Solution of Calcium Hydroxide as indicated by Conductivity. 


bility than the same substance in a more coarsely crystalline state. The 
solution of higher solubility will gradually assume the same solubility as that 
of the more coarsely crystalline substance if the solid phase is left in contact 
with the solution for a sufficient time. The calcium hydroxide used in this 
work, prepared by the rapid hydration of calcium oxide, was very finely 
crystalline as was readily demonstrated with a microscope. It is possible, 
therefore, that the difference in solubility of calcium hydroxide as determined 
here and in previous researches, may be accounted for by a difference in the 
size of particles constituting the solid phases. It must be emphasized, how¬ 
ever, that, if such is the case, the true solubility value is represented by an 
equilibrium which is attained very slowly, since the equilibrium value we 
obtained was maintained for several days without appreciable change, as 
was evidence by the constancy of the electrical conductivity. No attempt 
was made to connect these results with those of previous workers by con¬ 
tinuing the solubility experiments over an extended period of time. 
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Summaiy 

r. The solubility of calcium hydroxide in water as exhibited by freshly 
hydrated calcium oxide has been made the subject of a detailed study. 

2. The progress towards equilibrium of the system consisting of an excess 
of freshly hydrated calcium oxide and water was followed closely by means 
of the electrical conductivity of the solution. 

3. Values for the solubility of calcium hydroxide and for the conductivity 
of the saturated solution are given. 

Chicago, lUinoia, 



THE PHOTODECOMPOSITION OF ETHYL IODIDE 


BY THOMAS IBEBALE 

It is universally known that the alkyl iodides and many other organic 
compounds containing iodine are unstable in the presence of light; but few 
quantitative studies of this phenomenon have ever been made. Burke and 
Donnan' tried to find a relationship between the sensitivity of the alkyl 
iodides to light and their reactivity with silver nitrate. They considered that 
the production of iodine through decomposition by light was not a simple 
process and involved an oxidation of the hydrogen iodide first formed. Stobbe 
and Schmidt^ came to a similar conclusion, that oxygen was necessary for 
the photodecomposition of solutions of the alkyl iodides. Some years later 
Job and Emschwiller* studied the photodecomposition of ethyl iodide and 
found that oxygen was not necessary for the reaction. According to their 
results the reaction is rather complicated, the final products being ethylene, 
ethane and iodine, and small amounts of butane and hydrogen. They argue 
that the first stage in the photochemical process is the detachment of an iodine 
atom from the molecule of ethyl iodide as the result of the absorption of a 
light quantum. 

CjH J + hv (CjHsI) CjHs + (I) 

They consider also, that another light reaction takes place: the decomposition 
of hydrogen iodide, whidi results as the consequence of the original I atom 
acting as acceptor towards one of the hydrogen atoms ill the ethyl radical. 

CjH4.H + (I) -♦ C,H« + HI. 

HI + hi/ H + (I). 

It was with a view to settling one or two of the main points in this conflicting 
evidence that the present research was undertaken. It was considered that a 
study of the quantum eflSciency of the decomposition would settle the question 
as to the nature of the primary photochemical process. The reaction is 
interesting in view of its analogy to the decomposition of HI which haS usually 
been investigated in the gaseous state,^ though recently as a liquid by Boden- 
stein and Linweig.‘ It was decided, however, in the first part of this investi- 
tigation to work with liquid ethyl iodide as the previous work was carried out 
on this substance either as a liquid or as a solution in other organic liquids. 

‘ J. Chem. Soc., 85 , 574 (1904). 

* Z. wise. Phot., 20 , 57 (1930). 

* Compt. rend., 179 , 52 (1934). 

^Bodenstein: Site. Akad. Win. Berlin, 1918 , 300,; Z. phyaik. Chem., 2% 33 (1897); 
Traute and Seheifele: Z. ‘wise, phot., 24 , 177, (1936); lliuny and Gerke: J. Am. Chem. 
Soc., 48 ,1838 (1936); Bonhoeifer and Steiner: Z. ph]r8ik. Chmn., 122, 387, (1936); Lewis: 
J. Phys. Chem., 32 ,370, (1938). 

Z. phyeik. Chem. 119 ,133, (1936). 
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In 1926 the author in conjunction with Mr. W. N. Madgin of Armstrong 
College, University of Durham, began some experiments to test one of the 
main points at issue—whether oxygen were necessary for the photodecom¬ 
position. Carefully purified ethyl iodide was introduced into an all-glass 
apparatus and the dissolved gases removed by a process of successive coolings 
and evacuations with an oil pump. The ethyl iodide was then distilled at 
room temperature through a layer of purified phosphorus pentoxide into a 
tube of standard dimensions which was then sealed off. Comparisons were 
then made with a sample of purified ethyl iodide which had not been treated 
in this manner in a standard glass tube having access to atmospheric oxygen. 
Irradiation from a mercury vapour lamp under identical conditions seemed 
to produce the same effect in the two cases, so far as the production of iodine 
was concerned. It would seem then that for light of wave lengths extending 
to about 313MM in the ultra-violet, oxygen is not necessary for the photo¬ 
decomposition. This does not rule out the possibility that over a long period 
of time the oxidation of the HI may play some part in the reaction. But for 
the purpose of the present investigation this matter is not important. 

The initial stage of the decomposition should be a reaction of zero order 
for absorbed light of constant intensity; but owing to secondary absorption 
by the iodine accumulated in the system, the rate of reaction begins to deviate 
from this law. The experiments to be described were therefore never carried 
beyond the stage where this secondary absorption effect was appreciable. 

Experimental 

The source of radiation was a quartz mercury vapour lamp run on a no 
volt D.C. circuit with a burner voltage of 80 volts and a current of 2.5 amperes. 
It was enclosed in a circular metal box, blackened on the outside, and with an 
aperture 1.8 cms. in diameter in the front arc. When first used the lamp was 
quite new and gave lines below 220 ^ 1 , These spectral measurements and 
others of a more quantitative character were made with a Hilger quartz 
spectrograph. The magnitude of the adsorption by ethyl iodide in any 
spectral region could be estimated with fair accuracy by varying the times of 
exposure on a photographic plate, taking the Schwarzchild constant as unity.^ 
Accurate measurements of the absorption and of the radiant energy from the 
lamp were carried out with a Moll thermopile and galvanometer. 

Ethyl iodide in alcohol has an absorption band^ at about 260MM and it also 
absorbs at 365/xM when a column of the liquid several centimetres long is 
employed. Job and Emschwiller state that it begins to decompose with 
light of wave length 4 iomm> but the absorption in this region is very slight, 
and the decomposition would only be noticeable with a long column of the 
liquid. 

The filter employed for isolating the 365 mm region was that described by 
Winther* and made by using a i cm. thickness of a 0.03% neutral solution 

^ Baly and Riding: Proc. Roy. Soc,, 113A, 709 (1927). 

* Crymble, Stewart and Wright: Ber., 43,1183 {1910). 

«Z. Elektrochemie, 19, 389 (1913). 
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of diamond fuchsin.^ The spectral transmission of this filter was tested with 
the quartz spectrograph. Transmission of the 313MM 334MM lines was 

negligible, the small amount of 404;^/^ and red lines were not absorbed ap¬ 
preciably by the ethyl iodide and the infra-red radiation was shut off in the 
usual way by water screens. By the use of a quartz lens and screen and 
appropriate apertures in front of the lamp, a nearly parallel beam of light 
was obtained passing the water screens and the filter. 

The radiation from the lamp was carefully measured at different times 
during the course of a photochemical decomposition. Owing to the narrow 
dimensions of the light beam attempts were made to measure its average 
energy by rotating the thermopile to different positions at right angles to 
the beam. The variations in the galvanometer readings for these different 
positions were, however, very slight. 

The amount of 365/LijLt light in the beam was found by replacing one of the 
water screens by Winther’s 313MM filter, a dilute solution of nitrosodimethyl- 
aniline and potassium chromate, which absorbs the 365/iM rays. 

The thermopile was calibrated in two ways: 

(1) with a Hefner lamp. There were several reasons, however, for 
doubting the accuracy of this particular instrument. 

(2) with the radiation from the blackened surface of a tin box—Leslie 
cube—containing boiling water, using appropriate screens and apertures. 
90% of the possible radiation was allowed for in calculating the energy reach¬ 
ing the thermopile, which was covered with a rock-salt plate during these 
calibration tests, and tested at different distances from the radiating surface. 
The surface density uf the radiation was calculated with the aid of the usual 
equation,2 using the theoretical value for the Stefan-Boltzman constant.® 
For the working distance of galvanometer and scale calibration with the 
Hefner lamp gave 119 ergs per sq. cm. per sec. for i cm. deflection;^ with 
the Leslie cube, 112, 114, 112, 113 ergs per sq. cm. per sec. for several dis¬ 
tances of the thermopile. The average of these figures, 116 ergs per sq. cm. 
per sec., was used in all subsequent calculations of radiant energy. 

The ethyl iodide was purified by shaking with dilute alkali and suc¬ 
cessive quantities of water, drying over calcium chloride, and distilling, the 
fraction boiling at 72^-73^0/760 mm. being collected and preserved in a 
dark bottle over silver foil. In the experiments the ethyl iodide was con¬ 
tained in a cylindrical cell, 5.45 cms. long, on the ends of which were ce¬ 
mented circular quartz plates. The thermopile was covered with a similar 
quartz plate, as the correction for surface reflection at the front of the cell 
would amount to 5%. The amount of light absorption by the ethyl iodide 
was calculated from the spectrographic figures—about 85% for this particular 

1 Gray: J. Phys. Chem., 31, 17322(1927). 

’Lummer and Pringsheim: Ann. Phy8ik,l(3) 63, 399 (1897). 

»Millikan: “Th6 Electron,” 238. 

^Gerlach: Physik, 2., 14, 577 (1913). 
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length of reaction cell. It was also estimated from the change in energy of 
the light beam on passing through the ethyl iodide. Owing to the slightly 
divergent nature of the beam and the change in refractive index of the 
medium, measurements were made across a constant area of the beam, and 
an average figure for the absorption was obtained which agreed very well 
with that calculated from the percentage of 365/1/1 light in the beam and the 
spectrographic data. Very little of the infra-red radiation passing the water 
screens could therefore have beeen absorbed by the ethyl iodide. 

The iodine liberated through the decomposition was estimated by titra¬ 
tion with a very dilute solution of sodium thiosulphate. This analytical 
method was checked with the aid of solutions of known iodine content, and 
can be made very exact. The rate of reaction^ of the iodide with the thio¬ 
sulphate would be negligible in this case. The errors in this analytical 
method are certainly less than those involved in the measurement of the 
light absorption. A more accurate spectrophotometric method was not 
available.^ 

Table I 



Wave length of light: 365/i/x 


Period of 
decomposi¬ 
tion 

Hours 

No. of quanta 
absorbed per 
sec. by CaHjI 

X io-»< 

No. of quanta 
abs. by CjHsI 
during period 
of decomp. 

X 

No. of mols. 
of CjHJ 
decomposed 

X io-« 

Molecules 

division 

Quanta 

TO.O 

1.04 


3.74 

3-41 

0 91 

< 

1 5-0 

1 4-0 

1.04 

1.17 

1.87 1 
1.68 j 

1 ‘ 3 -SS 

318 

0.89 

1 

f 4-75 

1 4-0 

0.89 

1-93 ^ 
1.28 J 

^ 3-21 

3-13 

0.98 


4.0 

0.70 

I .00 




j 

I- 3 S 

2.65 

0.90 

0.70 

0.43 1 

0.66 

► 3.02 

3 28 

1.08 


2.2s 

I 15 

0-93 , 





'2.83 
,3 00 

I -13 

0.96 

1 .16 1 
1.04 j 

^ 2.20 

1.94 

0.89 

5.62 

1.21 


2.45 

2.46 

1.00 

1 

f 

45 

1.06 

1.71 ] 




■j 

i-S 

1.06 

0-57 

‘3.09 

2.60 

0.85 

1 

. 2-5 

0.90 

0.81 J 




9.0 

1.02 


3*41 

3 14 

0.92 

4.0 

130 


1.86 

1.91 

1.03 


' Slator: J. Chem. Soc., 85 , 1286 (1904). 

* Bodenstein and Linweig: Z. physik. Chem., 119 , 123 (1926). 
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The results of measurements of the quantum efficiency are given in Table 
I. The intensity of the absorbed light was not varied very widely. The 
magnitude of the variation can be gauged from the second column. No 
accurate temperature control was attempted. The temperature of the 
laboratory varied from i8-23®C. 

The number of molecules of CiH^I decomposed was equated to the num¬ 
ber of iodine atoms formed, a quite reasonable procedure in view of the sim¬ 
plicity of the results. Within the limits of experimental error it seems that 
the quantum mechanism is a very elementary one, Einstein’s law of the 
photochemical equivalence being valid for this special case. The quantum 
efficiency is slightly higher for ultraviolet light below 365^^. An average 
value was obtained for the region 248-36 spm» which was worked out for the 
quantum corresponding to wave-length 310/i/ifrom the considerations of the 
data for mercury vapour lamps,* the present lamp being 100 hours old when 
these particular measurements were made. It is obviously an approxima¬ 
tion, but adequate means were not available in the laboratory for testing 
the spectral distribution of energy from the lamp. 

It would seem that with the exclusive use of light of the shorter wave 
lengths, the quantiun efficiency would become identical with that of the HI 
decomposition. 

Table II 


Period of 

Wave length of light: 248-365MM 
Average quantum corresponding to 310MM 
No. of quanta No. of mole. 

Molecules 

icon^sition 

Hours 

absorbed by 
C2H6I X io~^* 

of CjHsI de¬ 
composed X 10“'* 

Quanta 

2.83 

6.43 

7.67 

1.2 

2 - 7 S 

5.00 

S -52 

I. I 

1.50 

1.44 

1.90 

1-3 

2-37 

2.37 

2.76 

1.2 

1.66 

3-51 

4.12 

1.2 


Discussion of Results 

The results seem to show that the photodecomposition of liquid ethyl 
iodide is a very simple process, one quantum effecting the detachment of an 
iodine atom from one molecule. This rules out the second postulate of Job 
and Emschwiller—the formation and decomposition of HI; unless we imagine 
some collision mechanism whereby the energy furnished by the light in ex¬ 
cess of that found from thermal measurements is effective for the decom¬ 
position. The heat of dissociation of CjHsI is, according to Bowen* 40,000 
calories, whereas the energy furnished by light of wave-length 36511(1 is 72,000 
calories per gram-molecule. This leaves 32,000 calories to be accounted for, 
which is only half the heat of dissociation of HI. 

‘ J. Phys. Chem., 30 , 1427 (1926). 

* TTans. Faraday 80c., 21, 544 (1926). 
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Comparisons of thermochemical and photochemical data, however, may 
not always be satisfactory, because the former are based on measurements 
made on a system of molecules in statistical equilibrium, whereas the latter 
are calculated from the results of selective hght action, and may only apply 
to molecules in special quantum states. 

As in the case of HI the decomposition of ('jHfl results in the formation 
of an excited I atom, the excess energy probably being dissipated as kinetic 
energy through collisions. This analogy is not unreasonable in view of the 
fact that a non-ion linkage has been attributed to HI. 

Studies of the photolysis of these alkyl iodides is being continued. 

University of Sydney, 

N. S. W., Australia. 

^ Franck and Kuhn: Z. Physik, 43, 164 (1927). 



SIGNIFICANCE OF THE “PACKING FRACTION” 


BY MABCEL FBAN 5 ON 

The discovery of the radioactive properties and of the electron, common 
constituent of all atoms, led to the assumption that the atoms of all elements 
were formed of protons and electrons. Tims Prout’s hypothesis, according 
to which all the elements would be formed of hydrogen and would have whole 
numbers for atomic weights, was considered again with great attention. If, 
indeed, the atomic weights of the elements are not whole numbers, in general, 
the atomic masses of the different isotopes had been found to be whole num¬ 
bers, except for hydrogen. Costa,' however, began to determine the atomic 
masses with a greater accuracy than Aston’s first apparatus had enabled 
him to reach. Aston^ then built an apparatus the resolving power of which 
was five times greater than that of his first apparatus, and thanks to which 
he could make measurements with an approximation of i/ioooo. The ex¬ 
perimental results showed then that as a rule the mass numbers were not 
whole numbers, in the system O = i6. 

Aston’ had introduced the notion of “packing” in order to describe the 
compression of the protons and of the electrons in the nucleus of all the atoms 
except those of hydrogen. He thus explained how hydrogen seemed alone to 
have an atomic mass which was not a whole number. In 1927, Aston’ intro¬ 
duced the term of “packing fraction” which is the divergence of the mass 
number of an atom from a whole number, divided by the mass number. Aston 
drew a curve representing the variations of the “packing fractions” with the 
mass numbers. He found that all the atoms, except the light atoms of even 
number, can be put on the same curve, descending rapidly from hydrogen to 
reach a minimum in the region of the element bromine (mass number 80); 
then the curve goes up again and crosses the line of zero packing for mercury. 
The curve for the atoms of even mass number starts below the first curve, 
with helium and goes to the minimum much less steeply than the first curve 
does. Aston points out that the packing fraction is not a periodic property; 
this shows that the nucleus has a structure very different from the arrange¬ 
ment of the electrons outside the nucleus. Thus the packing fraction would 
give us information on the structure of the nuclei and, therefore, on the rela¬ 
tive stability of the atoms. Cabrera’ has remarked that the atoms could be 
put into two classes according to their position at the right or at the left 
the minimum of Aston’s curve. On one side are the light elements for which 
the packing fraction is decreasing rapidly, passing from a high positive value 

for hydrogen to a negative value. On the other side, are the heavy elements 

__ 

1 Costa: Compt. rend., 180, i66i; Ann. Phys., 4, 425 (1925). 

* Aston: Proc. Roy. Soc., 115A, 187 (1927). 

* Aston: ^'Isotropes” (1923), 

* Cabrera: Compt, rend., 180, 228, 501 (1928). 
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fm which the packing fraction is changing slowly; between the two classes 
there is a flat space of the curve where it is difficult to determine exactly the 
minimum. 

In 1913, Langevin,^ adopting the relativity formula, m = E/v^ showing the 
Ptlation between the variation of mass, the variation of energy and the light 
welocity, wrote that the divergences from the whole number rule might be 
due to the variation of internal energy by emission or absorption of radiation 
atocording to the case during the formation of the elements from the elementary 
constituents. Costa^ took up this theory* again applying it to mass numbers 
and not to atomic weights as Langevin had done. Costa saw that the value 
of! the *‘packing fraction^ ^ could give us information as to the energy emitted 
or absorbed during the formation of the elements. If the dissociation of a 
radio element into helium and a derivative element is exothermic, it means 
tlmt the sum of the atomic weights of helium and of the derivative element is 
iolerior to the atomic weight of the parent element. If the dissociation had 
been endothermic, the reverse would be true. 

Thus a diminution of mass would correspond to a diminution of energy; 
the greater the loss of mass would be, the more stable the element would be. 
If we consider again the two classes of elements of which we spoke above, in 
one class are the elements which would tend to produce elements with a smaller 
packing fraction and a greater mass number; in the other class, there would be 
etements which would tend to produce elements with a smaller packing 
fraction and a smaller mass number; the elements of each class would tend 
to produce elements which are placed on the minimum of Aston’s curve, since 
at this minimum the elements have the smallest packing fraction and the 
greatest stability. These considerations seem to be in accord with the radio¬ 
active transformations of the heavy elements on one hand and on the other 
hand with the building up of heavier atoms with the help of light elements, 
aa the formation of on with an atom of nitrogen, an alpha particle and a loss 
(rf a proton.** 

Recently Millikan and Cameron* have shown that the powerful cosmic 
rays were formed of bands of definite frequency. The cosmic rays would 
comprehend four chief radiations which would correspond to the energy 
Uberated during the formation, with the help of protons: (i) of helium atoms; 
(2) of oxygen and nitrogen; (3) of silicium and magnesium; (4) of iron. Thus 
the loss of mass corresponding to the formation of helium from hydrogen 

‘ Langevin: J. Phys., 1913 , 553. 

* Compt. rend., 180 , 1661; Ann. Phys., 4 , 425 (1925). 

* J. Perrin (Trans. Faraday Soc., 17 , 546 (1921-1922)) calculated that the loss of mass 
corresponding to the transformation of hydrogen into helium was about 3 X 10'^ ergs, and 
thought it possible for iodine and caesium to exhibit a loss of mass. He (Ann. Phys., 10, 
^ (1919)1 Bcientia, 30 . 335 (1921). Cf. also Czeslaw Bealobrzeske: Bull, intern, acad. Po- 
bnaise, 1927 A, 349-362) explains the radiation from the stars, by the energy evolved during 
the formation of heavier elements from hydrogen, and can account for the continuous 
miiation from the sun during the geological times. 

* Cf, * ^Election of Protons from Nitrogen Nuclei, photc^aphed by the Wilson Method.” 
P. M. S. Blackett: Proc. Roy. Soc., 107 A, 349 (1925). ^^Disintegration of Light Elements 
by Alpha Particles.” E. Ruwierford and J. Chadwick: Phil Mag., (6), 44 , 417 (1922). 

* Millikan and Cameron: Science (2), 67 ,401 (1928); Phys. Rev. (2), 31 ,921 (1928). 
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(or —4.002 + 4 X 1.00778) would be equivalent to the energy corresponding 
to the ether wave with the most characteristic frequency among the cosndic 
rays. Cabrera has tried to calculate the packing fraction with the help of the 
heat evolved during the transformation of radium into radium C and 

Thus it seems that the packing fraction can be calculated in the case of 
the radioactive decompositions as well as in the case of the building up of 
atoms. 

It seems that the elements tend towards the formation of the elemeists 
for which the packing fraction is as small as possible and which correspond to 
as large a loss of mass as possible or to a maximum loss of energy, the li|^t 
elements continually forming heavier elements, the heavy elements trans¬ 
forming themselves into lighter ones. The region of greatest stability would 
correspond to the elements of mass 60 or about, or of atomic number 26 (iron 
group). Thus would be explained the rarity of the heavy elements and the 
relatively great amount of iron in the composition of the earth as well as the 
great proportion of iron and nickel in meteorites.^ Above iron, the elements 
are comparatively rare in the earth. Clark* points out that in several groups, 
the greater the atomic weight the rarer the element, it is the case for K, Rb, 
Cs; S, Se, Te; Cl, Br, I; As, Sb, Bi. This fact could be explained by the posi¬ 
tion of K at the left of the minimum, rubidium and caesium at the right, 
rubidium (85.45) being nearer to the minimum than caesium (132.81); in 
the same way, sulphur at the left, selenium (79.2) and tellurium (127.5) 
the right; chlorine at the left, bromine and iodine at the right, while As, Sb, 
Bi are all at the right, but As (74.95) being nearer to the minimum than both 
[both] Sb and Bi. For, indeed, if it were admitted that all matter is made up 
of protons and electrons, it could be conceived that at the beginning the most 
abundant elements were the simplest and the lightest; then the light elements 
would evolve towards the elements with the smallest packing fraction, while 
the heavy elements, which might have been formed in an unknown and 
transitive way in small quantities, would tend to disintegrate into lighter 
elements, so that, in fine, the elements on the descending curve and near the 
minimum packing fraction would be the most abundant of all; and, for ibe 
elements of mass number superior to 60, the most abundant would be near 
the minimum also. Thus, iron might be the ultimate term of the evolution 
of the elements. 

It seems that matter* obeys the two principles of thermodynamics: the 
principle of the conservation of mass being another way of stating the prin- 

' F. W. Clarke: ‘The Data of Geochemistry” {1924). 

* F. W. Clarke: “The Relative Abundance of the Chemical Elements.” Phil. Soc* 
Washington (1889). 

* According to O. Stern (Trans. Faraday Soc., 21, 47 (1925-1926)). who adopts tlie 
stellai theory of Eddington, a star would lose a considerable portion of its mass durin g 
its evolution bv radiation; matter would be transformed into ramation and radiation woi^ 
be transformed into matter. O. Stern tries to calculate the equilibrium between these two 
processes 

P. Jordon, (Z. Physik, 41 , 711-7 (1927) studied the probability laws for the trans¬ 
formation of matter into radiation. 
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ciple of the conservation of energy^ while the evolution of the elements would 
c^y the second principle of thermodynamics, according to which at constant 
eaergy the entropy tends towards a maximum value or, at constant entropy, 
the internal energy tends toward a minimum value. 

The chemical reactions are assumed to be due to the outside electrons, 
while the radioactive changes would depend on the protons and electrons of 
the nucleus; but it seems that the chemical reactions and the radioactive 
changes might both be submitted to the general principles of energetics. If, 
under certain conditions of temperature, pressure and volume, chemical 
reactions may take place in a reversible manner and can be affected by vary¬ 
ing the conditions, the enormous variations of energy which accompany a 
radioactive change might make it impossible for us, so far and with our 
means, to act upon such changes; but it is not illogical to suppose that the 
radioactive changes might have taken place in a reversible way, under condi¬ 
tions very different from what they are today. The radioactive phenomena 
obey statistical laws and can very well obey the laws of thennodynamics 
since this science is nothing after all but statistical mechanics. 

Among the elements at the left of the maximum, potassium^ only is 
supposed to be radioactive, while all the other radioactive elements are at the 
right of the maximum. By emission of a beta particle, potassium would 
produce an isotope of calcium, the evolution being towards the production of 
elements with greater atomic number, for the light elements, and the reverse 
for the heavy elements which disintegrate by ejection of alpha particles and 
beta particles, ultimately to form lead. 

The precise determination of the packing fraction is of the utmost im¬ 
portance, since the packing fraction gives us information on the forces which 
hold the protons and the electrons together in the nucleus and on the relative 
stability of the different nuclei. The determination of packing fraction is, in 
general, made with the help of the mass spectrograph; but, for the simple 
etenents, the ordinary physical and chemical methods used for the deter¬ 
mination of atomic weights could give the packing fraction with as great a 
precision as the determinations made with the mass spectrograph.-’ 

Theodore W. Richards and Marcel Fran9on^ have furnished a confir¬ 
mation of the atomic weight of caseium determined by Richards and Archi¬ 
bald.® If it is assumed that caesium is simple, as Aston® claims, the packing 

' The doctrine of electrons forces us to admit the variability of mass with velocity and 
even the electro-magnetic nature of mass. 

•E. Henriot: Radium, 7 , 40-48; N. R. Campbell and A. Wood: Proc. Cambridge Phil. 
Soc., 14 , 15 (1905-1908): M. Levin and R. Ruer: Physik. Z., 10, 576 (1909); Martin Biltz 
and Hans Ziegert: Physik. Z. 29 , 197-200 (1928). 

* Thus Baxter found for the atomic weight of helium 4.002 which corresponds to the 
atomic mass found by Aston. 

* T. W. Richards and Marcel Frangon: J. Am. Chem. Soc., 50 , 2162 (1928). 

* T. W. Richards and E. H. Archibald: Proc. Am. Acad. Arts Sci., 38 , 443 (1903). 

^ Aston: Phil. Mag. (6), 42 , 436 (1921). 
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fraction of caesium would be about three times as great as Aston’s curpe 
would indicate; the last determinations of the atomic weight of titanium^ 
would indicate a packing fraction greater than would be expected, but, fur 
titanium, it is quite possible that an isotope may exist. It would be very ii|h 
portant to verify the non-existence of an isotope of caesium, for the anoma^ 
of caesium might be of great significance. 

In fine, the packing fraction contributes with the atomic number and tie 
mass number to our knowledge of the nucleus; its charge, its mass, the numbb* 
of electrons in the nucleus and the possible arrangement of protons aM 
electrons in the nucleus. Besides, the packing fraction may be indicativeiaf 
the evolution of the elements, it helps us to understand the rarity of certiio 
elements and gives us a clue for the radiation emitted by the stars. c 

^ G. P. Baxter and A. Q. Butler: J. Am. Chem. Soc., 50 , 408 (1928). 



ADSORPTION OF IONS AND THE PHYSICAL CHARACTER OF 

PRECIPITATES 


BY HARRY B. WEISER AND G. E. CUNNINGHAM 


The first systematic investigation of the form in which substances pre¬ 
cipitate from solution was made by von Weimarn.^ He calls attention to a 
number of different factors on which precipitation depends: the solubility 
of the substance, the latent heat of precipitation, the concentration at which 
the precipitation takes place, the normal pressure at the surface of the solvent, 
and the molecular weights of the solvent and solute. He points out the im¬ 
possibility of taking all these factors into account and simplifies the problem 
by considering but two of the factors: the solubility of the precipitating sub¬ 
stances and the concentration at which the precipitation begins. The process 
of condensation (precipitation) is considered as taking place in two stages: 
the first stage, in which the molecules condense to invisible or ultramicro- 
scopic crystals; and the second, which is concerned with the growth of par¬ 
ticles as the result of diffusion. The velocity of the condensation at the im¬ 
portant first moment of the first stage of the process is formulated thus: 


W ~ K pressure _ j- Q 

condensation resistance L 


- = K ? = KU (i) 
L 


in which W is the initial rate of precipitation, K a constant, Q the total 
concentration of the substance that is to precipitate, L the solubility of coarse 
crystals of the substance, Q — L = P the amount of supersaturation. The 
ratio P/L = U is the percentage supersaturation at the instant precipi¬ 
tation begins. To take care of other factors which may enter into the process, 
von Weimarn introduces a “variable multiplier,” J, and, the equation be¬ 
comes: „ , 

W = KJ ^ (2) 


The velocity of the second state of the process is given by the Nernst- 
Noyes equation: „ 

V = ^ • O • (C - 1 ) (3) 

where D is the diffusion coefiScient, S the thickness of the adherent film, 0 
the surface, C the concentration of the surrounding solution and I the solu¬ 
bility of the disperse phase for a given degree of dispersity. C — I may be 
termed the absolute supersaturation. 

By the aid of these equations, several facts are interpreted. It will be seen 
that the velocity of precipitation depends not alone upon the supersaturation 
P, but upon the percentage supersaturation P/L. Thus, with a given value 
of P (say a few grams per 100 cubic centimeters), a very soluble substance. 


* KoUoid-Z., 2 ^ 199 ,230,275,301,326; Supplment2, LII; 3 ,89,282 (1908); 4 ,27 (1909): 
“GnmdsQge der DiBpersoidcheime” (1911); “Zur Lehre von den Zustfinden der Msterie” 

(1914). 
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such as sodium chloride, will deposit nothing at first and finally a few crsrstals 
may form; but with the same value of P an almost insoluble substance, such 
as alumina or silver chloride, will give an immediate gelatinous or curdy 
precipitate. The difference is, that the velocity of the precipitation is much 
smaller in the first case than in the second. On the other hand, if sodium 
chloride is formed by the interaction of sodium ethylate or sodium thio¬ 
cyanate and hydrochloric acid in a mixture of ether and amyl alcohol, in 
which sodium chloride is practically insoluble, the precipitate is curdy like 
that of silver chloride. 

Von Weimam recognized that the velocity W of the first stage of pre¬ 
cipitation cannot be measured in actual practice, and that, in many cases es¬ 
pecially interesting in the synthesis of colloid systems, the velocity W of 
the growth of the particles cannot be determined. In due time, therefore, 
he introduced a specific coefficient called the ‘‘precipitate form coefficient^^ 
or “dispersity coefficient,” V, which is given by the expression: 

N = 5 . K.h-K.d-Kbd-K.c Z (4) 

in which P/L is the percentage supersaturation as in the velocity equation, 
Z the viscosity, and ifab, ifcd, etc., represent the “physical and chemical 
association” of the substances AB, CD, etc., which enter into the reaction: 
AB (in solution) + CD (in solution) = AC (precipitate) + BD (in solu¬ 
tion). The significance of “physical association” is known but it is not clear 
what von Weimam means by “chemical association.” This is immaterial 
however, if the several factors are neglected and N is set down equal to P/L, 
that is, p 

or, if the several variables are lumped together and 

N = J? (6) 


in which J has the same significance as in equation (2). 

Now, if N is taken as approximately equal to P/L, as von Weimam first 
assumed, then for the different substances x, and z, 


Nx = ; Ny = ^ ; and N. = ^ • (7) 

Xjx Ijy Liz 

If the character of the precipitate is to be the same in each case, irrespective 
of the chemical nature of the salt; in other words, if 

Nx = Ny = N. 


then 


Px ^ ^ ^ P. 
Xix Ly Lit 


( 8 ) 


This is the simplest expression for von Weimam’s Law of Corresponding 
States for the Precipitation Process, which says that under correqranding 
conditions of precipitation the mean magnitude (expressed in gram mole¬ 
cules) of the crystals of substances capable of precipitation will the same. 
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In the form given in equation (8) the so-called law can hardly be regarded as 
a first approximation, even with substances that are related chemically.' 
A much more generally applicable formulation of the law of corresponding 
states for the precipitation process is 



in which J*, Jy, and J* are specific variable multipliers, the value for an}’^ 
substance being “the product of all other factors (in addition to P/L) which 
influence the crystallization process. These values must be expressed by 
abstract numbers such that the values of P/L are equivalent.'’^ jj^ other 
words, von Weimam's equation *for his so-called law becomes quantitative 
and generally applicable by putting in “variable multipliers,” handy waste¬ 
baskets, as it were, into which are thrown all the variable factors, known 
or unknown, which have not been evaluated. 

While facts may be expressed fairly accurately by means of such flexible 
formulas, it is doubtful whether anything is gained scientifically by regarding 
formulations of this kind as quantitative representations of natural laws. 
Von Weimarn evidently thinks so, but his opinion is not shared generally. 
Thus, Bancroft® prefers to discard the formulas altogether and state the whole 
thing from a different point of view. He points out that the mean size of the 
crystals is determined by the total amount of material crystallizing and the 
number of nuclei. The really important thing, therefore, is the number of 
nuclei which are formed under any given conditions. It is contended, very 
properly, that factors other than percentage of supersaturation influence the 
number of nuclei formed. Thus, the specific nature of the substance, stirring, 
and temperature have a profound effect on nucleus formation, and adsorption 
exerts a marked influence on the growth of particles.** Freundlich'^ likewise 
does not believe that the separation of a solid phase is generally and uniformly 
regulated by its solubility and the supersaturation prevailing: “What is 
known concerning the extraordinary sensitiveness to foreign substances of 
the velocities of formation of nuclei and crystallization makes it a 'priori 
improbable, and experience has not confirmed this theory.” 

The effect of adsorption on the physical character of precipitates is con¬ 
sidered in the following way by von Weimarn:® At constant U = P/L, foreign 
molecules have the same effect as greatly increasing U, The reason is that, 
during the growth of grains, the foreign matter keeps the reacting solutions 
away, so that not far from a given grain a local supersaturation results in the 
formation of a new grain. This would not happen in the absence of foreign 
molecules. 

^ Cf. Buchner and Kali!: Rec. Trav. chim., 30 ,135 (1920); Weiser: “The Colloidal Salts, 
6, (1928). 

^ Von Weimarn: KoUoidchem. Beihefte, 18 , 48 (1923). 

• J. Phys. Chem., 24 , 100 (1920). 

^Weiser: J. Phys. Chem., 21, 314 (1917). 

^ “Kapillarchemie,’’ 631 (1922). 

• “Grundztlge der Dispersoidchemie,” 97 (1911). 
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As would be expected, von Weimam* includes the variable adsorption 
factor in his “variable multiplier:” “According to my theory, the adsorption 
factor at constant P/L acts in the same way as simply increasing P/L; that 
is, the precipitate is more highly dispersed. Now I have included the ad¬ 
sorption factor in the variable J of the precipitate form coefficient, N = J- 
P/L. It follows, therefore, that J is increased by adsorption. If, however, 
P/L remains constant it follows that the value of N must likewise increase. 
A larger value of N corresponds to a higher degree of dispersion of the pre¬ 
cipitate.” 

This categorical way of disposing of the effect of adsorption on the physical 
character of precipitates is not helpful. Von Weimam’s view is that the 
foreign substance always forms a protective film around the particles and 
thereby prevents their growth. This is apparently what takes place when 
precipitation occurs in the presence of a strongly adsorbed protective colloid 
such as gelatin. However, the effect on the physical character of a precipi¬ 
tate, produced by the adsorption of the solvent and of ions of var3ring charge 
and degree of hydration, cannot be disposed of so simply as von Weimam 
would lead one to expect. Any substance should form a gel provided a suit¬ 
able amount of highly dispersed substance is precipitated, and provided the 
particles adsorb the dispersion medium very strongly.* The amount of the 
dispersed phase that must be present in a given volume to form a jelly will 
depend on the size and orientation of the particles and the extent to which 
they adsorb the dispersing liquid, water in most cases. Now it is too well 
known to need comment that some substances adsorb water more strongly 
(that is, are much more hydrous) than others, so that at the same de{<;ree of 
dispersity some substances will form gels while others will not. This spedfic 
capacity of the particles to adsorb the solvent is altogether independent of 
their size and the rate of precipitation. In many instances, this is of far more 
importance than the rate of precipitation in determining the form of the 
precipitate. A notable example is the case of manganese arsenate, which can 
be made to form a stiff jelly by mixing very dilute solutions of potassium 
arsenate and manganese sulfate. The value of L for the precipitate is so 
large that precipitation is slow and quantitative precipitation is impossible. 
P/L = iV is very small, and yet a typical transparent jelly results.* 

Von Weimam would take care of the variation in the adsorption of the 
solvent by the particles by putting it into the J of the expression N = J- 
(P/L), and so make the calculated values of N fit the facts. There is, of 
course, no objection to doing this, but it is difficult to see what is gained by 
such a procedure. 

The peptizing action of adsorbed ions may have a marked effect on the 
physical character of a precipitate. Thus, the analyst knows that barium 
sulfate, formed in ordinary analytical procedures, comes down very much 
finer when precipitated with barium chloride in excess than with sulfuric 

___-..... 4 - 

' KoUoidchem. Beihefte, 18 , 68 (1923). 

* Weiser: ^‘The Hydrous Oxides,*' 26, 27 (1926). 

* Weiser and Bloxsom: J. Phys. Chem., 28 , 26 (1924). 
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acid in excess. This happens notwithstanding the fact that barium ion and 
sulfate ion are adsorbed about equally, and yield positive and negative sols, 
respectively, when the precipitation is carried out under suitable conditions. 
Finer crystals are obtained from potassium sulfate solution than from sul¬ 
furic acid. The explanation of this behavior is as follows: In addition to 
adsorbing its own ions strongly, barium sulfate adsorbs hydrogen ion more 
strongly than most cations. When sulfuric acid is treated with barium 
chloride in excess, the precipitate tends to come down in a finely divided state 
because of the peptizing action of the relatively strongly adsorbed barium 
and hydrogen ions. It would also come down in a finely divided state from a 
solution containing sulfuric acid in excess were it not that the strongly ad¬ 
sorbed hydrogen ion neutralizes the peptizing action of the sulfate ion. From 
potassium sulfate solution it comes down finely divided since potassium ion 
is not strongly adsorbed.' 

That the effect of foreign material on the physical character of a pre¬ 
cipitate may not be due chiefly to increasing the number of points of crystal¬ 
lization, is well illustrated in the case of sulfur, which is thrown down from 
the sol in a variety of conditions in the presence of different clectrol>i/es. 
Thus, Stingl and Morawski^ showed that potassium and barium salts pre¬ 
cipitate sulfur in a plastic form, while calcium, magnesium, and sodium salts 
give flocculent sulfur. Od6n® states that sulfur is thrown down from the sol 
as a hard precipitate with potassium salts, fine-grained with copper sulfate, 
plastic with barium salts, fluid with hydrochloric acid and slimy with other 
salts. Since the physical character of sulfur thrown down in the presence of 
different electrolytes shows such marked variations, it seemed to furnish a 
satisfactory substance for studying the general effect which the adsorption 
of ions may have on the physical character of precipitates. The results of 
this study are reported in the next section. 

Experimental 

Formation of Stilfur SoL The sols used in this investigation were pre¬ 
pared by an adaptation of the method used by Sobrero and Selmi,"* namely 
by passing hydrogen sulfide and sulfur dioxide simultaneously into a saturated 
solution of sulfur dioxide. By dissolving various amounts of sulfur dioxide 
in water, and then saturating with hydrogen sulfide, Od^n found that a high 
initial concentration of sulfur dioxide favors the formation of finely divided 
particles, whereas a low initial concentration of the same gas favors the 
formation of non-peptizable clumps. Accordingly, in order to obtain large 
quantities of colloidal sulfur, the water was first saturated with sulfur dioxide 
and the excess was then maintained throughout the process by passing the 
theoretical amount of sulfur dioxide for the reaction, SO2 + 2H2S = 2H2() 
+ 3S, into the water simultaneously with the hydrogen sulfide. By this 
method it was possible to carry on the reaction for several hours without chang- 

^ Weiser: J. Phys. Chem., 21 , 514 (1917)* 

> J. prakt. Chem. (2), 20, 76 (1879). 

»‘T)er kolloide Schwefel,” 134, 157 (1912)- 

♦Ann. Chim. Phys., (3), 28 , 210 (1850). 
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ing the reaction medium. After the sol became highly concentrated, sulfur 
settled out as a yellow mass which was readily peptized by shaking with 
water. The constancy of the conditions of forlnation gave particles of a 
much more uniform degree of dispersion than could be obtained by strict 
adherence to Oden’s method. 

The characteristic hydrophilic properties of Oden’s sulfur sol are attributed 
by Freundlich' to the presence of pentathionic acid in the micelles. This 
conclusion is based on the observation that the sols have different properties 
if obtained under conditions such that the pentathionic acid cannot form. 
There seems to be no good reason for believing that the only thionic acid present 
in the micelles is the pentathionic, since Debus^ showed that the mixture 
formed by the interaction of sulfur dioxide and hydrogen sulfide contains, in 
addition to colloidal sulfur and pentathionic acid, di-, tri-, tetra-, and prob¬ 
ably hexa-thionic acids. 

For the preliminary macro-observations on the physical character of 
the precipitated sulfur, the sol prepared as described above was purified 
by finally saturating the reaction Uquid with hydrogen sulfide and then 
boiling out the excess gas. Any non-peptizable sulfur was removed by filter¬ 
ing through a fine filter paper. The sol obtained in this way contained nothing 
except the products of the reaction by which it was formed, and required no 
dialyzing. Moreover, it was quite stable, a part of the colloidal particles 
remaining suspended for more than two years. On the other hand, due to 
the decrease in the concentration of sulfur dioxide at the end of the reaction, 
the particles showed considerable variation in size, and for the microscopic 
and submicroscopic investigations, sols havii^ particles of approximately 
uniform size were preferable. 

The preparation of such monodisperse sols was readily accomplished, 
since the sol thrown down by sodium chloride is repeptized by washing with 
water, and since the smaller particles are more stable and require a higher 
concentration of salt to cause coagulation. The method employed was the 
same as used by Od6n.’ After fractionation, the sols were dialyzed for two 
or three weeks, until the dialysate showed no residue on evaporation and 
gave no test for chlorides. The first dialyses were done with parchment 
membranes, which gave trouble because of the tendency of the particles to 
diffuse through. A similar difficulty was reported by Nevinny.* Later 
dialyses were made with “cellophane” membranes, which proved to be en¬ 
tirely satisfactory. 

Coagulation of Sulfur Sol by Electrolytes, and the Form of the Predpitaie. 
The precipitation values of the sol for a series of electrolytes were determined 
using a mixing apparatus consisting of a small test tube sealed inside a larger 
one.® Ten cubic centimeters of sol was placed in the inner compartment of 

> KoUoidchem. Beihefte, 16,234. (1912); “Colloid and Capillary Chemistry,’’ 618 (1927). 

® Chem. News, 57 , 87 (1888). 

‘ Z. physik. Chem., 78 , 682 (1911). 

^ Bert. klin. Wochenschr., 45 ,1833 (1908). 

‘ Weiser and Middleton: J. Phys. Chem., 24 , 48 (1920). 
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the apparatus, and a measured amount of standard electrolyte, diluted to 
10 cc., in the outer compartment. The stopper was inserted in the mixer 
which was shaken vigorously, thus ensuring rapid and uniform mixing. The 
mixture was then poured into a Pyrex test tube and allowed to stand for 15 
minutes, at the end of which time it was centrifuged for 3 minutes at 2000 
r.p.m. By trial, the concentration of electrolyte was determined which was 
just sufficient to leave a clear supernatant liquid. At the same time, an 
amount of electrolyte slightly in excess of the precipitation concentration 
was added to the sol, and the nature and physical character of the precipitate 
was observed* after allowing the mixture to stand 15 minutes and then 
shaking. The results are given in Table I. 

Table I 

(Coagulation of Sulfur Sol by Electrolytes and the Physical Character of 

the Coagulum. 


Electro¬ 

lyte 

Precipitation 

C'oncentration, 

Milliequivalents 

Physical Character of the Precipitate 

HCU 

per cc. 

0-5 

Slimy; reversible 

LiCl 

0-55 

(Gelatinous; reversible 

NaC’l 

0.25 

Gelatinous; reversible 

KCl 

0.12 

Plastic flocks; irreversible 

CsC^l 

0.12 

Plastic flocks; irreversible 

CuCU 

0.012 

Gelatinous; reversible on repeated washing 

MgCU 

0.015 

(Granular; reversible on repeated washing 

ZnC’U 

0.015 

Granular; reversible on repeated washing 

Ca(;ij 

0.008 

Granular; partly reversible 

SrCla 

0.006 

Curdy; irreversible 

BaCU 

0.0076 

Plastic; irreversible 

FeCl, 

0.00045 

Curdy; almost entirely reversible 

AICI3 

0.00035 

Curdy; almost entirely reversible 

H4S 

(Saturated) 

Only a small amount of slimy precipitate 

NaOH 

015 

foimed in 4 hours; almost entirely reversible 
Curdy to plastic; slightly reversible 


That the character of the precipitate is not determined by the rate of 
precipitation was shown in the following way: Ten cubic centimeters of sol 
was placed in a test tube, and 10 cubic centimeters of electrolyte solution 
containing enough NaCl or BaCU for exact precipitation was poured into a 
cellophane cup partly immersed in the sol. After about one hour precipitation 
was complete, and the nature of the precipitates formed was as indicated 
for the same salts in Table I. 

As a further experiment, precipitates were formed by passing the sol¬ 
forming gases into dilute solutions of LiCl, NaCl, and KCl previously satur¬ 
ated with sulfur dioxide. After the concentration of the salt had been reduced 
below the precipita tion value through adsorption by the precipitate, a sol 

* For some representative photographs of the precipitate see Colloid Symposium Mono¬ 
graph, 6, 329 (1928). 
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was obtained in each case. However, the precipitate fast formed was identical 
in character with that obtained by adding the electrolyte to the sol. It is 
therefore evident that, in this case, the nature of the precipitate is not de¬ 
termined by the degree of dispersity and percentage supersaturation at the 
beginning of the precipitation. 

Ultramicroscopic Observations 

Since the form of the precipitate is apparently due in the last analysis to 
the manner in which the individual colloidal particles come together after 
neutralization by the several electrolytes, attempts were made to view the 
process microscopically. As might be expected, this was unsuccessful, since 
the colloidal particles are invisible in the ordinary microscope. Attempts 
were then made to view the coagulation process in the presence of elec¬ 
trolytes by means of the Jentzsch (Leitz) and the Siedentopf cardioid* (Zeiss) 
ultramicroscopes. The results were not satisfactory with either apparatus. 
On account of the depth of the Jentzsch cell, the precipitated clumps settled 
out of the range of the objective as they formed and therefore could not be 
kept in focus. On the other hand, the cardioid cell is too shallow (depth of 
liquid under observation, 0.002 mm.) to allow the clumps to form, the in¬ 
dividual neutralized particles merely settling out after the Brownian move¬ 
ment had ceased. 

Since the process of clump formation was not readily followed, observa¬ 
tions were made, by means of the cardioid ultramicroscope, of the nature and 
behavior of previously formed clumps. These observations were accomplished 
in the following way: About i cc of sulfur sol was mixed with slightly more of 
the electrolyte than the amount necessary for complete precipitation and the 
mixture was allowed to stand for several minutes, after which a drop of the 
liquid containing a considerable amount of precipitates was placed in the 
ultramicroscope cell and examined. Differences in the ultimate structures 
of the precipitates are brought out in a striking way by a comparison of 
tjqiicaJ photographs which have been reproduced elsewhere.* In the pre¬ 
cipitate obtained with lithium chloride or sodium chloride, focussed at dif¬ 
ferent levels in the clump, the individual particles are clearly discernible, 
separated by a film of water. On the other hand, ultramicroscopic observa¬ 
tions on the clump formed with potassium or barium chloride show distinctly 
that the individual particles have coalesced into a more or less uniform an¬ 
hydrous clump of plastic sulfur. The edges of the clumps are smooth as a 
result of the coalescence of the particles and the surface tension of the plastic 
mass. 

Still more illuminating is the behavior of a hydrous clump formed in the 
presence of lithium or sodium ion, when treated with a solution contuning 
the more readily adsorbed and less hydrated potassium, caesium or barium 
ion. The observations were made, as before, with the cardioid ultramicro¬ 
scope. In this apparatus the container for the sol is a quartz disc with a 

* For a theoretical discuasioii of the cardioid condenser, see Siedentopf: Kottoidchem. 
Beihefte, 23 , 218 (1926). 

’ Colloid Symposium Monograph, 6 , 319 (1928). 
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central depression 0.002 mm deep and about 12 mm in diameter, surrounded 
by a circular moat about 2 mm deep and 5 mm wide, into which any excess 
liquid is expelled when the quartz cover glass is put on. Two holes were bored 
on opposite sides of this cover glass in the same position as the moat, so that 
the latter could be cleaned out and refilled with any solution desired. The 
removal of hquid from the moat was accomplished by means of a narrow strip 
of filter paper rolled into a pointed rod, which was inserted into a hole in the 
cover glass and served as a wick. The moat was refilled by means of a medi« 
cine dropper drawn out to a capillary. 

To make the observations, the cardioid cell was filled with a suspension 
of sulfur neutralized with lithium or sodium chloride. The moat was cleaned 
out and a satisfactory clump was brought into the field of view. The moat 
was then filled with a second solution containing the more strongly absorbed 
potassium, caesium, or barium ion, which diffused into the liquid bathing the 
precipitate and gradually, with repeated changing of the liquid in the moat, 
displaced the more weakly adsorbed sodium or lithium ion. This was ac¬ 
companied by a marked change in the physical character of the clump, 
which change was followed photographically by means of an Ernemann 
motion picture camera especially constructed for microscopic work. The 
microscope used a glycerine-immersion objective of 3 mm focal length 
(N. A. 0.85), and the ocular employed had a magnifying power of 20 diameters. 
The magnification is roughly estimated at 1,500 diameters. The light for 
the microscope was supplied by a 17.5-ampere carbon arc, a single quartz 
lens placed near the arc serving as a collimator. The beam of light was passed 
through a 2-inch thickness of 5 per cent copper sulfate solution and a 12-inch 
thickness of water in order to cool it. For the purpose of minimizing vibration 
it was found necessary to mount the camera and microscope on separate bases. 

The motion pictures of the changes taking place in the precipitates were 
made by taking one exposure every two seconds. To show the exact nature 
of the change photographs reproduced elsewhere^ were made from sections 
of the motion picture negative taken at suitable intervals. The phenomena 
observed under different conditions will be considered in order: 

Dehydration and Coalescence of Particles, Experiment /. The first 
observations were made on a clump thrown down by sodium chloride, in 
which the individual colloidal particles were rather widely scattered but were 
imbedded in a sheath of adsorbed water. When the adsorbed sodium ion 
was replaced by barium ion in the manner described above, the excess water 
flowed out of the clump, leaving the colloidal particles stranded in approxi¬ 
mately their original positions. At the same time there was an apparent 
contraction in the volume of the ultramicrons. A photograph of the original 
clump shows the individual particles, but the voluminous hydrous character 
of the clump gives it a somewhat hazy appearance since all portions could not 
be brought into focus at the same time. A photograph of the same clump after 
the excess water had flowed out shows the individual particles in sharp outline. 


‘ Colloid Symposium Monograph, 6, 334 (1928). 
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Experiment 2. Since in the first experiment the particles were too widely 
scattered to come in contact after the excess adsorbed water was removed, 
attention was directed to a more compact clump obtai&ed with sodium 
chloride, in which the ultramicrons were somewhat unevenly distributed. 
In this case, replacing the sodium ion with barium ion produced the smne 
phenomena described in Experiment i: but, in addition, the particles in 
intimate contact fiowed together or coalesced into three or four minute, slightly 
hydrous particles. 

Experiment 3. Experiment 2 was repeated with a somewhat more uniform 
clump. In this case, the substitution of barium ion for sodium ion caused the 
entire gelatinous mass to coalesce into a single particle. 

Experiment 4. On account of the more gelatinous character of the pre¬ 
cipitate obtained with lithium chloride, ultramicroscopic observations were 
made on a relatively lai^e gelatinous clump as barium ion replaced the lith¬ 
ium ion. In this case there was a very marked shrinkage in volume, all the 
particles coalescing into a small uniform ball not more than 1/500 the volume 
of the original clump. 

Observation of a projection of the motion picture film shows clearly the 
optical effects produced by the outflow of the adsorbed water. By visual 
observations in diffused light too dim to photograph, it is possible actually 
to see the convection currents in the water surrounding the clump. The 
striking character of this phenomenon can scarcely be imagined from the 
still pictures alone. 

Experiment 5. Since potassixim ion gives plastic sulfur, a clump formed 
with lithium ion was treated with potassium chloride. The loss of water 
and coalescence were identical in nature but the volume change was less 
marked than that observed in Experiment 4. 

Experiment 6. Since the precipitate formed with caesium ion is more 
plastic than that formed with potassium. Experiment 5 was repeated, sub- 
stitutii^ caesium chloride for potassium chloride. In this case the original 
clump was constricted somewhat and the dehydration and coalescence caused 
complete segregation into two minute particles. 

Reversibility of Precipitation. Attention has been called to the fact that 
the coagulum obtained with lithium or sodium ions is (i) gelatinous, (2) 
composed of the individual particles which have not coalesced and (3) readily 
reversible on washing out the precipitating ion. On the other hand, the pre¬ 
cipitates obtained with potassium, caesium, and barium ions are (i) plastic, 
(2) formed by the coalescence of the ultramicrons and (3). practically com¬ 
pletely irreversible. It has been shown also that clumps do not form if the 
neutralization of the ultramicrons is carried out in the shallow oardioid cell; 
instead, the individual particles settle out and remain at rest. This latter 
observation suggested experiments, to show the factors which determine the 
reversibility of a precipitate. The method of procedure was as follows? 

A monodisperse sol was placed in the cardioid cell, the excess sol was re¬ 
moved from the moat, which was filled with the solution containing the 
desired coagulating ion. After a sufficient amount of electrol]rte had dif- 
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fused into the cell to cause complete neutralization of the particles, the elec¬ 
trolyte was removed from the cell and pure water substituted. The electrolyte 
gradually diffused into the pure water, which was changed repeatedly. 

Experiment i. The sol was first neutralized by sodium chloride. After 
removing the excess electrolyte, the Brownian movement was resumed by all 
the particles, showing that the neutralization was completely reversible. 

Experiment 2. Experiment i was repeated, substituting sodium hydrox 
ide for sodium chloride. Identical results were obtained, the neutralization 
being reversible. 

Experiment 3. A dilute solution of barium chloride was used as the 
precipitating electrolyte. In spite of repeated changing of the water through 
a period of 48 hours, the particles showed no signs of again taking on the 
Brownian movement. This experiment demonstrates quite clearly that the 
neutralization process is irreversible even in the absence of coalescence if the 
adsorption of the precipitating ion is too strong. 

Experiment 4. Since potassium and barium ions give a similar type of 
precipitate when the particles are allowed to coalesce and since the adsorption 
of the univalent potassium ion is much weaker than that of the bivalent 
barium ion, it seemed possible that the precipitation with potassium ion in 
the cardioid cell, where there is no coalescence, would be reversible. This 
proved to be the case, the neutralized particles taking on the Brownian move¬ 
ment in 30 to 40 minutes after the beginning of the washing to remove the 
potassium ion. 

As we have seen, Freundlich' attributes the characteristic properties of 
Oden’s sol to the presence of pentathionic acid in the micelles. He is therefore 
led to the conclusion that the reversibility of sulfur precipitate depends on the 
formation of a stable pentathionate with the precipitating ion, that is, a 
pentathionate which does not decompose and thereby destroy the pen¬ 
tathionate ion. This view is not tenable, for in the case of potassium we have 
a precipitate which is reversible or irreversible depending on whether or not 
the particles are allowed to coalesce. In the case of sodium hydroxide we 
have a similar phenomenon. The partial reversibility of the precipitate formed 
by neutralization of the sol with sodium hydroxide is obviously due to some 
cause other than the destruction of pentathionic acid. It is probably related 
in some way to the influence of the excess OH ion on the amount of water 
adsorbed by the neutralized particles. Moreover, there appears to be no 
reason for believing that the lithium and sodium pientathionates should be 
any more stable than the corresponding potassium or barium salts. Cer¬ 
tainly this is not true of the well-known, closely related dithionates. 

The results of the above observations indicate that precipitation is ir¬ 
reversible (i) when there is coalescence of particles to form relatively large 
clumps and (2) when the precipitating ion is so strongly adsorbed that it is 
not readily removed by washing, irrespective of whether or not there has been 
a coalescence of ultramicrons. 

^ Kolloidchem. Beihefte, 16 , 234 (1922). 
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Theoretical 

From a survey of the observatioos recorded in the preceding section, it 
appears that the physical character of precipitated sulfur thrown down in 
the presence of alkali cations varies from gelatinous to plastic as we go down 
in the series from lithium to caesium. Likewise, the precipitate thrown down 
by alkaline earth cations changes in the same way as we go down in the series 
from magnesium to barium. In other words, precipitates formed in the 
presence of those ions which are generally recognized as the most highly 
hydrated, are the most gelatinous, and the precipitation is reversed by 
washing; while the precipitates thrown down in the presence of the less 
hydrated ions are dense and plastic, and the precipitation is not reversed by 
washing. 

The order of hydration of the alkali cations is believed to be: Li > Na > 
K > Rb > Cs; and of the alkaline earth cations: Mg > Ca > Sr > Ba. 
Unfortunately, no one has yet succeeded in measuring quantitatively the 
ion hydration, much less its dependence on concentration, temperature, and 
the presence of foreign substances in the solution. Nevertheless, ion hydration 
numbers are frequently given. Thus, Remy* assumed that an ion moves like 
a sphere in a viscous liquid according to the well known Stokes formula, 
u — a/g-r^idi — di)g/ri, where u is the velocity, r the radius and di the density 
of the sphere, and dj and ri the density and viscosity of the medium, re¬ 
spectively. The mobility of the ions calculated in this way is too large when 
the atomic radius is assumed to be the radius of the ion. From the greater 
radius which must be assumed to obtain agreement with the Stokes formula— 
an increase which is attributed to a sheath of water—^it is calculated that 
the lithium ion is associated with more than 120 molecules of water; the 
sodium ion with more than 66; potassium ion, 16; rubidium ion, 14; and 
caesium ion, 13. Hydrogen is assumed to be anhydrous. The order of mag¬ 
nitude of the hydration numbers determined from transference experiments 
by Washburn and Millard* is quite different from the results of Remy. Thus, 
if chlonde ion is assumed to be anhydrous the number of molecules of water 
on the several cations is calculated to be: lithium, 4.7; sodium, 2; potassium, 
1.3 ; caeaum, 0.7; and hydrogen, 0.3. If the chloride ion is assumed to have 
4 molecules of water, the values for the cations become: lithium, 14; sodium, 
8.4; potassium, 5.4; caesiiun, 4.7; and hydrogen, i. Recent theories of strong 
electrolytes would indicate that hydrogen is relatively highly hydrated. Thus 
Bjerrum* calculates the hydration number of hydrogen to be 8 and that of 
potassium o. Jablczynski and Wisniewski^ conclude from freezing-point 
measurements that lithium is combined with ii molecules of water, sodium 
with 3, and potassium with o. Schremer gives for hydrogen lo-ii and for 
lithium 6.5-7 molecules of water, respectively. On the assumption that 
hydrogen is monohydrated, Baborovsl^ concludes that lithium holds 35 

’ Z. phymk. Cbem., B9, 467 (1915). * 

* J. Am. Chem. 80c., 37 , 694 (1915). 

' Z. anon. Chon., 109 , 275 (1920). 

* Bocmiki CSbem., 1, 116 (1921). 

»Chem. 19 , 297 (19Z5). 
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molecules of water, sodium 22 to 25, and potassium 6. Other investigators 
give still different values, but those recorded suffice to show that the absolute 
value for the degree of hydration of the ions under any special conditions, is 
not known. All observers agree, however, that the hydration falls off in the 
alkali series from lithium to caesium and in the alkaline earth series from 
magnesium to barium. Born^ has shown further that the radius of the ions 
increases in the series from lithium to caesium, and Fajans^ and Born^ have 
calculated the heats of hydration of the ions from the lattice energies of 
binary salts and have found them to decrease from lithium to caesium and 
from magnesium to barium. This merely confirms the order of hydration of 
ions in the two series, but gives no indication of the degree of hydration. In¬ 
deed, Fajans is of the opinion that the so-called hydration of ions does not 
connote the formation of ion hydrates of definite stoichiometric composition/ 
but rather that, due to the electrostatic charge of the ions, the oppositely 
charged part of the polar water molecule is turned toward the ion and this 
in its turn exerts an attractive force on the next molecule. This type of 
dielectric polarization would proceed continuously in the water surrounding 
the ion. From this point of view it would follow that the so-called hydration 
values will be relative numbers only. For a series of ions having the same 
valence, the dielectric polarization will vary with the specific nature of the 
ion and with its size. In general, the concentration of the charge on a very 
small ion will exert a greater attractive force on the polar water molecules 
than the same charge on a larger ion. 

Observations on the precipitation of sols with cations having the same 
valence, disclose that the adsorption of an ion, which determines its pre¬ 
cipitating power, may be closely related to its degree of hydration.^ If 
one accepts Fajans* view that the hydration consists in the formation of a 
polarized water envelope, the process being accompanied by a positive heat 
effect, one should expect the adsorption of an ion to be accompanied by a 
partial dehydration, the extent of which will be determined by the heat of 
hydration of the ions. Since we have seen that both the heat of hydration 
and the amount of hydration decrease in the alkali series from lithium to 
caesium and in the alkaline earth series from magnesium to barium, it follows 
that the adsorptive capacity and coagulative action should likewise decrease 
in the same direction, as the results show.® 

It is of interest to enquire into the probable thickness of the film of water 
surrounding the sulfur particles. Pettijohtf found the maximum thickness 
of a water film on some glass pearls made in Germany to be about izSmm- 
With another lot of glass of different origin the maximum was about 68mm* 
With river sand the estimated thickness varied from 285MM with 10-mesh 

^ Z. Elektrochem, 26 , 401 (1920). 

• Verb, deutseb. pbysik. Ges., 21, 401 (1920). 

• Z. Pbysik, 1, 45 (1920), 

^Cf. also Baborovsky and Vebsek: Cbem. Listy, 21, 227 (1927). 

^ Cf. Laebs and Itacbman: Z. pb3rBik. Cbem., 123 , 303 (1926). 

• Cf. Weiser: J. Pbys. Cbem., 29 , 955 (1923). 

’ J. Am, Cbem. Soc., 41 , 477 (1919). 
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sand to 114MM with 60-mesh sand. From observations by Barus^ on the 
formation of fog, it is calculated that the thickness of the water film under 
the conditions of the experiments is o.i to 0.8/t when the nucleus has a 
diameter of 2.6 m 0.05 to 0.5M when the nucelus has a duuneter of 3.6M. 

With sugar charcoal, BijP was able to show that the Gibbs layer of water 
was more dense than the main bulk of the liquid. He calculated the thickness 
of this layer to be o.68mm> which is below the limit of visibility with the 
ultramicroscope. Harkin s and Ewing* found that when 10 grams of ignited 
charcosd was treated with i gram of water, the water was attracted onto the 
surface of the charcoal by an attractive force equivalent to 37,000 atmos¬ 
pheres, and that under this pressure, the water was compressed to 75 per¬ 
cent of its original bulk. The high visibility of the film between the discharged 
sulfur particles would seem to indicate that the density of the adsorbed water 
is relatively high, the refractivity being of a similar order to that of sulfur. 
The visual observation of ultramicroscopic convection currents accompany- 
ii^ the dehydration, supports this view. In a relatively dense gelatinous mass 
of sulfur precipitate, the thickness of the film of water between the ultra¬ 
microns appears to be, by comparison with the size of the ultramicrons, 
about soMM> 

In the light of these considerations it seems reasonable to conclude that 
when the sulfur particles are partially neutralized by the adsorption of highly 
hydrated ions, the particles retain an envelope of water, so that the coagulated 
mass is an agglomerate of ultramicroscopic particles which have not coalesced. 
The film of adsorbed water together with the water entrained during the 
agglomeration process gives a flexible hydrous mass, which is known as a 
gelatinous precipitate. The ultramicroscopic observations on gelatinous 
sulfur formed by coagulation of the sol with highly hydrated lithium, sodium, 
or magnesium ion gives definite visual confirmation of the nature of a gela¬ 
tinous precipitate deduced by Weiser^ several years ago. E. Q. Adams 
called our attention to the fact that the coalescence in the presence of more 
strongly adsorbed, weakly hydrated ions may be due in part to a greater 
lowering of the charge on the ultramicrons than obtains in the presence of 
the less strongly adsorbed, highly hydrated ions. 

Since the highly hydrated ions that yield gelatinous precipitates are not 
adsorbed strongly, and since the ultramicrons retain their individuality in 
such precipitates, it follows that washing out the excess of precipitating ion 
should cause repeptization. This is very readily accomplished with the pre¬ 
cipitates formed with the univalent lithium and sodium ions. Practically 
cqmplete repeptization of precipitates formed in the presence of magnesium 
and zinc ions can also be effected, but the washing must be more thorough 
because of the stronger adsorption of the divalent ions. 

‘ Phil. Mag. (6), 4 , 24, 262 (1902). “ 

• Rec. Trav. chto., 46 , 763 (1927). 

• J. Am. Ch«n. 80c., 43 , 1787 (1921). 

• a. Bogue: “The liieory and Application of Colloidal Behavior,’* 387 (1924). 
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Conditions are quite different if the neutralization of the particles is 
accomplished by the adsorption of ions that are not sufficiently hydrated to 
maintain a film of water of sufficient thickness or rigidity to prevent coales¬ 
cence of the individual ultramicrons. This condition is realized with potas¬ 
sium, caesium, and barium ions. After neutralization, the ultramicrons 
collide and coalesce, giving a more or less uniform mass of plastic sulfur which 
cannot be repeptized to give a sol, no matter how thoroughly the precipitate 
is washed. If the individual particles are prevented from coming together by 
precipitating in the shallow cardioid cell, reversal can be accomplished by 
washing if the relatively weakly adsorbed potassium ion has been used to 
effect neutralization, whereas if the more strongly adsorbed, bivalent barium 
ion is employed it cannot be displaced by washing and reversal is impossible. 

The formation of sulfur precipitates in quantity, either by neutralizing 
the sol by the addition of electrolytes or by carrying on the reaction between 
sulfur dioxide and hydrogen sulfide in the presence of electrolytes, can be 
visualized as follows: The first step following the formation of colloidal 
particles is their neutralization below the critical value necessary for ag¬ 
glomeration. When two or more such particles collide they either adhere 
or coalesce, the combination forming the nucleus for a larger clump. For 
the formation of a visible clump it is immaterial whether the particles actually 
coalesce or are held apart by a cushion of water. From the first collisions 
of discharged particles to form submicroscopic or microscopic nuclei the 
general mechanism is the same. A larger clump enmeshes a smaller one, and 
is in turn enmeshed by a clump larger than itself. The entire process re¬ 
sembles the accumulation of driftwood in a swollen stream. The growth of 
a clump therefore may be regarded as autocatalytic in nature. The shapes 
and sizes of the ultimate clumps depend upon the number and manner of 
chance collisions, except that the weakness of the binding forces in the 
gelatinous precipitates makes impossible the formation of very large clumps 
in the absence of packing. When the particles coalesce, the size of the 
clumps is limited only by the quantity of material available. The funda¬ 
mental nature of the clumps, that is, whether they are flexible, gelatinous, 
and readily repeptized or are hard or plastic and nonpeptizable, depends on 
whether or not the conditions are favorable for the coalescence of the ultra¬ 
microns. This in turn depends on the nature and hydration of the adsorbed 
precipitating ion, in the manner above described. 

Summary 

(1) A discussion of the von Weimam Law of Corresponding States for 
the Precipitation Process has been given. It has been shown that the law 
in its simplest form is frequently inapplicable, and that, in certain cases, it 
may be of little value for predicting the form of a precipitate in advance of 
the precipitation experiments. 

(2) Among the factors other than the percentage supersaturation which 
influence the physical character of precipitates are: (a) the specific tendency 
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of the particles to adsorb the solvent; (b) the shape of the particles; aind(c) 
the effect of the adsorption of ions. 

(3) The element sulfur furnishes a satisfactory substance for studying 
the specific influence of the adsorption of ions on the form of a precipitate^ 
since the physical character of precipitated sulfur varies more or less con¬ 
tinuously from gelatinous and reversible to plastic and completely non- 
reversible when thrown down in the presence of the lyotropic series of ions 
from lithium to caesium and from magnesium to barium. 

(4) Neutralization of Oden’s sulfur sol below the critical value with 
a highly hydrated, weakly adsorbed ion, such as lithium or sodium, gives a 
gelatinous precipitate composed of the individual micelles separated by a film 
of adsorbed water. Such a precipitate is readily repeptized by washing out 
the neutralizing ion. 

(s) When the sulfur sol is neutralized with a slightly hydrated, strongly 
adsorbed ion, a plastic precipitate is obtained in which the individual par¬ 
ticles have lost their identity due to coalescence. A precipitate of this type 
is not reversed by very thorough washing. 

(6) Ultramicroscopic observation of the change taking place when a 
highly hydrated cation is removed from a gelatinous sulfur clump, by dis¬ 
placing with a less hydrated, more strongly adsorbed cation, shows a very 
marked shrinkage as the result of the loss of adsorbed water and the coales¬ 
cence of the particles. Ultramicroscopic convection currents in the sur¬ 
rounding liquid, due to the outflow of the adsorbed water, are visible during 
the change. Motion pictures have been made of this change in the ph3'sica] 
character of the clumps under the influence of various ions. 

(7) When the sulfur sol is neutralized in the cell of the cardioid ultra¬ 
microscope, so that the neutralized particles do not collide with one another, 
the precipitation is reversible or irreversible, depending on whether or not 
the adsorbed neutralizing ion may be removed by washing, and independently 
of whether the particles would coalesce if allowed to collide. 

(8) It is concluded that; A reversible precipitate of any substance will be 
obtained when a sol is neutralized under such conditions as to prevent coales¬ 
cence, either (a) by the intervention of a film of adsorbed solvent or (b) by 
preventing collisions of the neutralized particles. In either case it is essential 
that the adsorption of the neutralizing ion be sufficiently weak to permit its 
removal by washing. 

(9) The shapes and sizes of the individual precipitated clumps of sulfur 
depend upon the number and manner of chance collisions during the pre¬ 
cipitation process. 

(10) The fundamental nature of the precipitated sulfur clumps depends 
upon whether or not the conditions under which the precipitation is carried 
out favor the coalescence of the ultramicrons, which is in turn dependent 
upon the nature and degree of hydration of the adsorbed neutra^zing ions. 

The Rice Institute, 

Houston, Texas. 
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Mechanochemistry and the Colloid Mill. By Pierce M, Trams. 23 X 16 cm; pp. Wl. 
New York: The Chemical Catalog Co., 1928. Price: $4-00. At first sight it looks as though 
colloid chemistry were developing so rapidly that one form of mechanical disintegration had 
become a book in itself. A more careful examination shows that about 156 pages are de¬ 
voted to colloid chemistry and about twenty-four to the colloid mill. That is more than 
anybody else has ever devoted to it; but it is not such a tremendous jump as it seemed at first. 

The chapters are entitled: introduction; the colloidal state of matter from the physical- 
(‘hemical viewpoint; the elementary structure of matter; the relation of viscosity and plasti¬ 
city to the colloidal state; adsorption; electrical concepts and their importance in colloidal 
dispersion; the meaning of hydrogen-ion concentration and its importance in colloidal 
disiwsion; orientation; gel structure and the Donnan theory of membrane equilibrium; the 
protective action of colloids in dispersion; the dispersion of solids and liquids in gas; the 
theory of emulsions and emulsification; dis})ersion of solids and liquids in liquids; the colloid 
mill and some of its applications; laboratory methods and physical testing of properties. 

‘^\daorption is an important factor in the wetting of some solids by liquids. If the .solid 
particles are finely divided, they usually have a cushion of air about them, and when the 
fine powder is put into the liquid, the particles are airbound. That is, the little jiarticle.'^ 
carry the air in with the powder, due to adsorption. This air may afterwards be displaced 
very slowly and this brings in the time factor. While we do not know what factors deter¬ 
mine the amount of water adsorbed on fine crystals, there is no doubt but that different 
degrees of adsorption take place with various substances, hence the wetting |X)wer is en¬ 
tirely different. Some substances are easily wetted w’hile others are resistant to wetting 
and, in a great number of instances, due to the affinity they have for adsorbing air upon the 
surface of the particle, the particles do not come in contact after the powder is agitated in 
the presence of such liquid. An excellent example of this is in the case of very finely divided 
(*alcium carbonate. If this is added to water and agitated, one may obtain a thick paste 
after the addition of about 25 per cent of carbonate. If this material is then passed through 
a so-called colloid mill, it is possible to shear off the air cushions and get a proper contact 
angle of the water with the powder. This dispersion, upon discharge from the colloid mill, 
will be found to lie very fluid again, due entirely to the elimination of the air cushions. An 
additional 25 per cent of calcium carbonate can then be added to the dispersion and the 
operation repeated. A material will be obtained which is at least 50 per cent calcium carbon¬ 
ate and yet very fluid. This demonstrates that the original pasty condition was caused by 
the adsorption of air on the fine particles. Once this vras eliminated and the liquid brought 
in true contact with the surfaces the dispersion was again quite fluid. Similar experiences 
are encountered with a great number of instances in a finely divided state. With the usual 
methods of mixing it is impossible to release the air cushions from the finely ground particles, 
but through proper mechanical treatment these may be removed and a large amount of 
such substance incorporated into the liquid medium. This is all due to the adsorption and 
the elimination of air from the smrface of the finely ground solid material. Once it is wetted 
with the vehicle it will remain in a finely divided condition, provided there is not present 
an ion of opposite charge or some other condition of this sort to cause flocculation,” p. 45* 
One wonders whether this means an error in Bingham’s determinations of zero fluidity. 

^Trequently, in colloidal dispersion, it is noticed that the material goes into the so-called 
colloid mill quite thin but is discharged from these mills in a thick condition, with more or 
less of a gel structure and the material is really plastic. This is always a pleasing indication 
to the operator of the machine and is usually attributed to fine dispersion, which is partially 
true. Nevertheless, the product must be in condition to have proper water adsorption or 
one would not get this gelatinous appearance,” p. 89. 

‘The first users of pressure homogenizers were in the dairy industry. This use dates 
back to about 1905, when the homogenization of such dairy products as evaporated milk 
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and light creams was accomplished by such means. Its purpose was just the reverse of that 
of a cream separator. Instead of separating the fat from the milk, it was possible with the 
homogenizer to incorporate fat into milk, thereby making any percentage of cream desired 
up to as high as 40 per cent, or what is known as heavy cream. It is a well-known fact 
in the dairy trade that homogenized cream cannot be whipped when prepared under regular 
conditions, such as the pressures above cited, nor will the fat separate out when passed 
through a cream separator. In other words, by this means one obtained almost a perfect 
emulsion of milk or cream.’’ 

’^After the homogenizer had been used successfully in this field for a few years, it was 
next introduced into the ice-cream industry where it was used to incorporate the fat, milk 
solids, etc., into a homogeneous mass and develop a smooth ice-cream, thus bringing about 
a big improvement in the product. The practice of homogenizing was confined to the two 
above-mentioned industries for a number of years. It was then adapted by the pharmacist 
to the making of various t3rpes of emulsions, such as cod-liver oil, mineral oil-agar emul¬ 
sions, etc. These machines made fairly satisfactory emulsions of the oil-in-water t3rpe for 
pharmaceutical manufacture and in the preparation of hand lotions and various face 
creams,” p. 118. 

”What the colloid mill really does is to defiocculate and, with a great number of sub¬ 
stances, this is all that is necessary. This point might be illustrated with the dispersion of 
zinc oxide. It is well-known that when this substance is first manufactured, it is in a very 
finely divided state—what might, for commercial purposes, be classed as a colloidal state. 
In the packing of this product it groups or bonds together, so that the when the paint manu¬ 
facturer uses it, all that is necessary is to defloccxilate it in the presence of some vehicle. 
This is where the colloid miU is of value, for by dispersion through such a mill it is possible 
to obtain intimate contact of the vehicle with the small individual particles of the oxide, 
eliminate the air cushions brought about through adsorption, and replace these with direct 
contact of the vehicle with the power, in other words, increase its wetting pt>wer. Once 
these particles are defiocculated and are well wetted by the vehicle the dispersion is satis¬ 
factory for commercial application. 

“This statement also covers a great number of other instances where it is sometimes 
said that the product is ground. One can readily prove this point by attempting to disperse 
carborundum or fused silica, where real grinding or disintegration would be necessary. 

“It is hoped that this statement will help clarify the situation and will emphasize the 
point to prospective users, that if it is a case of defiocciilating, the colloid mill may be of 
value to them, as it has proven to a great number of manufacturers. If it is a grinding 
problem, where it is necessary to really disintegrate or grind, no colloid mill has as yet 
been built which will do such work. Of course, as time goes on, it may be that it will be 
made possible to really grind by use of a colloid mill of the continuous type. From present 
evidence and study of the matter, however, the author is of the impression that in order to 
accomplish this it will be necessary to have enormous peripheral speeds, much beyond the 
mechanical limits of the continuous types of mill at the present time. The above facts, 
however, have not handicapped the progress of the colloid mill, which has found wide 
application throughout the chemical industry in various fields of operation,” p. 149. 

“The colloid mill is very frequently used as a sort of finishing mill the product having 
been previously treated through some other type of equipment, or else mixed thoroughly 
in some mixing device so that the colloid mill can handle the product, obtaining an unusually 
fine finish with large capacity. There might be other equipment which would accomplish 
the same work, but not with the same capacity or low cost of operation. It has frequently 
been found that with a colloid mill a manufacturer may increase his capacity to such a point 
that he operates this machine a few hours a week where with other equipment performing 
the same mission it was necessary to operate continuously. As a result, the manufacturer 
using the colloid mill can lower the cost of production enormously and underseM his com¬ 
petitor with another type of equipment. 

“The following are typical examples of some of the uses to which the colloid or dis¬ 
persion mills of proper design may be put in commercial operation: 
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1. Emulsification of vegetable, animal and mineral oils, resins, and waxes. 

2. Manufacture of water paints, calcimines, etc. 

3. Incorporation of pigments in the more fluid enamels and in paints such as outside 
white and flat white. 

4. Homogenizing of fat globules of milk for improvement in consistency and digesti- 
bility or for ice cream mix. Preparation of reconstituted milk from milk powder and 
sweet butter. 

5. Extractions of oils, fats, resins, juices, etc., from vegetable or animal tissues as 
well as extraction of fibrous materials. 

6. , Purification of organic chemicals, liquids and solids. 

7. Intimate mixing of creams, sauces and other foodstuffs where perfect blending is 
required. 

8. Dispersion of some solids such as mica, certain oxides, fine clays, various dyes and 
other such materials which do not require the actual grinding operation. 

'‘Many mineral colloids such as ferric hydroxide, silica gel, etc., contain water which is 
driven off on heating. Such material then becomes incapable of di8t>er8ion or suspension— 
for example, a clay heated above ioo®C. Up to this temperature the natural moisture may 
be driven off, but there may l^e water of constitution, or that which is chemically combined, 
and after this is driven off, the residue no longer has the properties of the original material. 
Therefore, such material before excessive heating might disperse readily vrith the colloid 
mill, but such heating may make dispersion impossible. This, of course, is not always the 
case for there is no difficulty in dispersing a highly calcined magnesium oxide. In fact, 
this is a commercial process for making milk of magnesia. There are, however, a great 
number of substances to which this rule applies, especially those containing silica, iron etc. 
Very satisfactory dispersions have been made of chrome yellow, iron and zinc oxide, umber, 
lamp blairk, etc., of course, with the addition in most instances of a protective colloid,” p. 164. 

There is probably a misprint of wool for rayon in the statement, p. 47, that wool ad¬ 
sorbs relatively few basic dyes. 

This is distinctly an interesting book. It give.s a satisfactory outline of colloid chemistry 
from the non-teaching standpoint. Wilder D. Bancroft 

A Guide to the Literature of Chemistry. By E, J, Crane and AuMm M. Patterson. 
jiS X 16 cm; pp. v -|- 468 . Neic York: John W^iley and Sons^ 1927 . Price: $ 5 . 00 . “The 
literature of chemistry is like a great, inspiring mountain with a core of rich ore. It is 
inspiring because the work of great men, of many earnest investigators, is recorded there. 
To obtain anything like full profit in its use one must learn how to climb this mountain and 
must know where and how to dig for the ore he needs. With the help of the many successful 
chemists who have generously contributed the results of their experience, we have at¬ 
tempted in this book to point the way.” 

The chapters Me entitled: the problem and objectives; books; periodicals; patents; 
other sources; indexes; libraries; procedure. 

“The question always arises as to how far back one should go in using the journal litera¬ 
ture. This of course depends a great deal on the nature of the subject and of the search, 
as discussed in the chapter on Procedure (p. 217). Home searchers consider that it is usually 
safe to assume that ever3rthing of value in the journal literature has been made a part of 
the book literature after a period of about twenty years. A factor in such a decision is the 
realization that the development of a science is very rapid, so that much of the older litera¬ 
ture is now close to useless because of discredited or at least greatly inferior methods, 
changed points of view, inadequate theories, and the like. Some even go so far as to 
assert that we would be better off if we could scrap the older literature as it becomes that. 
There are times when one will feel justified in ignoring all but the more modern literature 
but to do so always would be a mistake. The older literature is not always valueless by 
any means and books cannot be depended upon to glean eveiy’'thing that has a lasting value. 
Ideas and facts are still to be found there even though the methods, interpretations, and 
theories may practicaUy all have been outgrown or carried over into the more recent litera¬ 
ture. Just as it can be said that the journal literature is never out of date because of the 
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continuous appearance of units of it, so it can also be said that the older parts of it are 
never really out of date because it is original material. A sotiroe book cannot be cast aside 
nor revised/^ p. 32. 

If one is interested in the theoretical side of a subject, it is absolutely necessary to go 
back a good many years in the journal literature. As a broad statement, only those things 
get into the text-books which fit into the existing theory. As a typicid case, how would 
any student learn from any modem text-book that a difference between solvent and solute 
was self-evident up to about forty years ago and that it dropped out only when and because 
the solvent was defined as the component which goes through the particular 8einip|ermeable 
membrane that one is considering? 

From the reviewer’s point of view one of the most important points in the book is the 
statement by a physical and metallurgical chemist, p. 227, that one should start with the 
most recent literature and work back. The counter-current method has two advantages. 
One picks up the references better in this way and is sure to be able to take them up in the 
reversed chronological order. The great advantage, however, is that one reads the earlier 
literature from the most recent point of view, which means that one detects flaws in reason¬ 
ing of the earlier papers and omissions in the later ones in a way that could not be done 
otherwise. 

The authors have got together a lot of valuable data which cannot be found anywhere 
else. The authors realize, and the reader will, that a study of this book will not in itself 
make him an expert at looking things up, though it ought to help him a great deal. 

The authors themselves say, p. 152, that ^^skill in literaturensearching involves skill 
in index-using and efficient index-using is an art in itself, a thing to be acquired/’ They 
might profitably have added that looking up a subject is an art in itself and one which calls 
for special ability as well as much practice. Since a scientific man looks up a subject pri¬ 
marily to find out what is of interest to him, the various news services are not and cannot 
be of much help to the research man though they may be, and apparently are, of great help 
to the technicid man. 

The authors have written a book which is a model of thoroughness from their point 
of view. Only time will tell whether people will get value out of it commensurate with the 
work that the authors have put in. Wilder D. Bancroft 

Adsorption und Kapillarkondensation. By Erich Hiickel. 22 X 15 cm; pp. vi + $ 08 . 
Leipzig: Akademische VerlagsgeseUschaftt 1928 . Price: houndf 20 marks; paper, 18 marks. 
The book is divided into three parts: adsorption of gases and vapors by solids; surface 
tension of pure liquids and the wetting of solids by liquids; capillary condensation of vapors 
in porous substances. In Part I the four chapters are entitled: phenomenology and thermo¬ 
dynamics; molecular theory without reference to the nature of adsorbing forces (limit¬ 
ing case of small amounts adsorbed); the electrical significance of molecular forces; mole¬ 
cular theory for the case of large amounts adsorbed. There are three chapters in Part II: 
thermodynamics of the surface liquid-vapor; thermodynamics of the surface (pure) liquid- 
solid; theories of surface tension. In Part III we find: introduction and phenomenological; 
theory of capillary condensation. 

The author approves of McBain’s term ^sorption’ when one does not know whether it 
is adsorption or absorption, and he believes that one should distinguish between adsorption 
and c^illary condensation; but that is about all that he commits himself to definitely. 
Perhaps this is too severe. The author believes in the contact angle and that tbe order of 
adsorption of a vapor by a solid is either the order of boiling-points or a function of the 
van der Waals ^a’. He does not always play quite fair. He admits with reluctance that 
the van der Waals formula does not hold quantitatively, especially in the cases of poly¬ 
merized vapors. Of course, not even van der Waals ever claimed that it would hold for 
gases like Nt04. The difficulty is that it does not hold quantitatively for any vapor. 

There are 292 numbered equations and it seems incredible that one could wrii^ so much 
mathematics and say so little that could actually be tested. The author^s acquaintance 
with the literature is nothing to brag about. It is hard to see what useful purpose this 
book will serve. Wilder D. Bancroft 
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BY G. W. SCOTT BLAIR AND E. M. CROWTHEB* 

After the classic equation of Poiseuille was put forward to account for the 
flow of fluids through narrow tubes, it was not long before various workers 
turned their attention to the modification which the equation would re¬ 
quire in order that it might include within its scope those systems which are 
not true fluids, but have also some properties characteristic of solids. Trouton* 
for example, noted that the torsion-viscosity of certain “very viscous liquids” 
was not independent of the force of shear. 

The first coherent attempt to produce a complete equation of flow for 
systems showing static rigidity was made by Bingham and Green.^ 
These workers showed that a certain amount of pres.sure was required to over¬ 
come static rigidity, and that under suitable conditions, the Poiseuille equation 
could be applied, provided that the pressure tenn was taken as an excess 
over that amount required just to overcome the static rigidity. They pointed 
out, moreover, that flow curves plotted with the ordinates, “ Amount of flow 
in unit time” and “Shearing stress applied” give for capillaries of different 
dimensions a family of straight lines, which, when extrapolated backwards 
over the region of low pressure (where the equation is not claimed to hold) all 
cut the “shear’-axis at a single point. This point gives a measure of the 
static rigidity of the system. 

Bingham’ points out that this linear relationship holds only at high rates 
of shear: “Fortunately, by using the higher rates of shear we can apparently 
always obtain the simple linear relationship. If later experiments prove that 
this is not the case, it w'ill be time to use the more complex foimulas.” The 
constant corresponding to viscosity in the original Poiseuille equation, has 
been called by most workers by the unfortunate name of “Plasticity" and 
has the same dimensions as viscosity, although of course, it is not independent 
of pressure. Owing to the many different ways in which “Plasticity” has 
been used, we propose to term this constant “Pseudo viscosity.” The re¬ 
ciprocal of this value (analogous to fluidity) is known as “Mobility.” 

Further, since no word has hitherto been adopted to describe the state 
of a substance exhibiting both static rigidity and fluid properties, we propose 
the term “pachoidal” with the corresponding noun “Pachoid” (Greek 
iraxic thick). This would include substances showing the above pseudo¬ 
viscosity or Bingham’s plasticity and also de Waele’s plasticity, (see below) 
should this prove to be a different phenomenon. 

* Soil Physirs Dept., Rothamsted Experimental Station, Har})enclen, Herts, England. 

* Proc. Roy. Soc., 77 A, 426 (1906). 

’ Bingham & Green; Proc. Am. Soc. Test. Mats., 1919 ,641; Green: 1920 ,450; Bingham; 
“Fluidity and Plasticity” (1922), and many jmpers. 

»“Fluidity and Plasticity,” 226 (1922). 
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Many American workers, especially ceramists, have made practical use 
of such high shear measurements, and have generally agreed with Bingham 
that conditions under low shears are too involved to justify serious investi¬ 
gations at present. (See especially Shearer.') 

Reiner® has treated the whole question from the theoretical point of view 
basing his work on the postulate of a critical shearing stress which must be 
exceeded before plastic flow can start at any point and taking into account 
the fact that this critical stress is not attained at different distances from the 
centre of the tube at the same pressure but is attained first at a point nearest 
the wall. He accounts for the curved portion in the lower regions of the fiow 
curve by considering the solid geometry of the “Extrusion figures” when the 
critical shearing stress has been attained only in part of the cross-section of 
the tube, so that the material is flowing as a solid plug within an envelope 
which is being sheared. 

Buckingham’ had previously arrived at a similar equation, but had also 
taken account of the fact that at low pressures, before the critical shear has 
been reached, the system tends to flow through the tube as a plug, surrounded 
by a truly fluid envelope which is thin, and adheres to both the wall, and the 
plastic material. This treatment leads to a flow curve of three portions; (i) 
a straight line passing through the origin (plug flow); (2) a curved portion 
(combined plug and plastic flow) approaching assrmptotically (3), a final 
straight line (plastic flow). 

As a final equation of flow, he gives, 

V _ ’tRV / p 4 , \ ■ wR’i^P 

8 L V 3^ sW 2 L 

where:— 

V is volume of flows in ccs. per second* 

R is radius of the capillary 
ju is mobility 
L is length of capillary 
P is pressure applied 

c is thickness of liquid film through which plug flows 
$ is fluidity (1/ Viscosity) of this liquid film 
p is pressure corresponding to critical shearing stress (f). 

* Buckingham actually prefers to write “v/t” where v is the volume flowing in (secs. 

The equation is qualified by the conditions that “the last term vanishes when 
there is no slip at the wall, and the first is to be omitted when P < (2f/R) 
p.” Buckingham appears to have advanced no experimental evidence for 
this theory. 

De Waele,’ finding that experimental flow curves are parabolic rather 
than linear, has questumed whde treatment, and has s|(own that his 

> J. Am. Ceramic Soc., 11, 542 (1928). , 

> Kolloid-Z., 39, 80 (1936), and other papers. 

*Ptoc. Am. Soc. Test. Mate., 1921,1154. 

* Oil and Colour J.. 1923,33; 1927,232; J. Am. Chem. Soc., 48,3760 (1936); KoUoid-Z., 
36, 332 (1925). 
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equation, in which pressure is set as proportional (over a wide range) to a 
power of the flow, is valid at the very high pressures used by him. Many 
other workers (chiefly of the Ostwald school) claim that such an equation fits 
well the experimental facts at much lower rates of shear, and Green has 
pointed out that such a result would be expected on the Green-Buckingham 
theory if the experiments were carried out at insufficiently high rates of shear 
for the material investigated. It will be shown elsewhere that the results 
of the Ostwald school, when subjected to an alternative—and simpler—form 
of treatment, support the views to be given in the present paper. 

In this paper the authors propose to give: (i) quantitative evidence to show 
that an equation only slightly modified from that of Buckingham holds 
under certain conditions of shear; and (2) qualitative evidence in favour of 
the Buckingham theory for those regions where quantitative measurements 
have not been practicable. This evidence has been obtained from experi¬ 
ments on the behaviour of certain clays (chiefly agricultural) in a modified 
Bingham plastometer. 

The Apparatus 

The plastometer used in this work is essentially that used and described 
by Bingham and Green, the only modifications of importance being: (i) that 
there are two bulbs, the clay being sheared alternatively from one to the 
other; (2) that the level of clay in the two bulbs is kept the same so that no 
correction is required for hydrostatic head. 

The air is forced by a foot pump into a res(‘rvoir, being released through 
a sensitive valve. When the clay paste is flowing under constant air pressure 
as measured on a mercury or water manometer, the air displaced by the clay 
is allowed to escape through one of a series of capillaries selected of a size 
convenient for the velocity to be measured. The extremely small pressure 
Ix^hind this capillary (proportional to the amount of air flowing through it) 
is read on a sensitive alcohol manometer inclined at an angle of about 1:10. 
To obtain the velocity of flow in cm®/secs, the alcohol manometer readings 
need only be multiplied by a constant dependent on the dimensions of the air¬ 
capillary and determined by measuring the times required to shear a known 
volume of glycerine at consent rates. The pressures used varied from imm. 
water to nearly 50 cm. Hg. and the rates of flow could be measured with 
accuracy from 0.0002 — 2.0 cm^/secs. The whole apparatus was enclosed 
in a thennostat at 25®C. 

It will be seen from Fig. i that the apparatus is not geometrically regular. 
In order to be sure that the flow of a true fluid through the apparatus was 
closely in accordance with Poiseuille’s law, experiments were done with 
glycerine, kerosene, and water, and the flow curves obtained were found to be 
good straight lines passing through the origin. 

Although satisfactory results are obtained with natural clays and most 
soils, from which only the coarse sand has been removed, all the data given 
in this paper were obtained with separated clay fractions. Unless otherwise 
stated, the clay fractions were prepared from a heavy clay taken at a depth 
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of 3 feet below Broadbalk Reid, Rothamsted. All the clay fraotioos were 
prepared by making a suspension in dilute sodium carbonate and decanting 
the top 8.5 cm. after sedimentation for 24 hours. The stable suspensions 
from a number of such repeated decantations were flocculated with dilute 
acetic acid, and filtered. The flocculated clay was washed with distilled water, 



Fw. I 

Plastometer Bulbs and Capillary 

thoroughly mixed and bottled. For each series of experiments, a quantity 
of the paste was gently rubbed once or twice through a wire sieve with aper¬ 
tures of o. 2 mm. side. All comparisons are between samples taken from a single 
batch; separate batches were used for Tables I, II and III. The concentration 
figure given is the number of grams of dry matter in 100 grams wet clay after 
drying for one hour at i65®C. 

The bentonite used for the dyed clay experiments was a commercial 
sample kindly given by Mr. A. de Waele. It was made up directly with dis- 
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tilled water without preliminary purification. It was then passed once more 
through the wire sieve. The dyed bentonite was washed until the wash- 
water was quite colourless. 

For high shears, about 40 cc. of clay paste were sucked into the plasto- 
meter bulbs having a capacity of about 50 cc. each, and for low shears, about 
8 cc of paste were used with bulbs of about 10 cc capacity. For high rates 
of flow a single reading, and for low rates, as many as six readings were ob¬ 
tained from each shearing from bulb to bulb. Under all the conditions con¬ 
sidered in this paper, the number of shearings to which the clay had been 
subjected had no effect on the flow curve. Duplicate samples gave closely 
concordant results. 

The Experimental Flow Curves 

A typical flow curve is given in Fig. 2. Owing to the wide range of rates 
of flow, the curve is divided into two portions with rates given in mm'^/secs 
and cmVsecs. respectively. It was generally found convenient to use different 
capillaries for exploring these two portions of the curve, but, for simplification, 
in presentation, the data in Fig. 2 are taken from experiments on a single 
capillary. It was of course necessary to change the air-capillary of the flow 
meter in order to cover such a wide range. Even smoother curves than those 
in Fig. I were obtained when different capillaries were used for the two por¬ 
tions. 

It is at once apparent from this figure that there are four separate stages 
in the behaviour of a clay paste subjected to increasing pressures. These are 
indicated in the diagram, and will be discussed separately. 

Curves of the same type have been obtained for all the clays studied with 
the exception of kaolin, which gave serious irregularities due in part to seepage. 
In certain cases, as with clays of the bentonite type, stage II covered only a 
small range of pressures. After the removal of the coarse sand fraction, 
most soils gave curves similar to, and as regular as those of clays, but the con¬ 
centration had to be much more carefully chosen. 

On increasing the pressure gradually a number of different phases or 
regimes were obtained on the flow pressure diagrams. 

Stage /. There was no motion until a well-defined critical shearing stress teas 

reached. 

In order to be certain that the initial point of flow was really sharply 
defined, a pressure of only a few per cent less than the observed critical 
pressure was applied, while the flow-meter air-capillary was completely 
blocked up. No rise at all was noted although the merest movement would 
have given a very large displacement in the flowmeter; the addition of an 
extra 1-2 mm. Hg pressure gave a definite reading with the unblocked air¬ 
capillary. 

It will be seen from Table I that for flow in long narrow plastometer 
capillaries (with L/R greater than about no) the values obtained by multi¬ 
plying the pressure of initial flow (a) by the ratio R/L gave a constant (A) 
which was independent of the size of the capillary. For shorter and wider 



386 G. W. SCOTT BliAIR AITO E. M. CBOWTHBB 

tubes, this constancy did not hold. Further, for long and narrow capillaries 
the constant A was independent of the sluq)e and sise of the container bulbs, 
but with shorter and wider capillaries, as the ratio L/R was reduced below 
about no, the critical pressures for initial flow began to show variations with 
changes in the form of the containers and approximate calculations indicated 
that the resistance of the bulbs themselves became significant. 

If we follow Buckingham in assuming a plug flow at low ffliears through an 
envelope of constant thickness, the existence of a criticfil shearing stress for 
the start of the flow, can only be interpreted by assuming either (i) that the 



A Typical Flow Curve 

Clay paste i8.i%. Capillary No. 7. R — 0.060 cm. L •• 10.60 cm. 


fluid layer comes into being suddenly when a definite stress is reached, and 
attains at once its constant thickness or (2) that the layer is not truly fluid, 
but itself exhibits static rigidity or (3) that some bonds or forces exist across 
the fluid layer (already present) which are broken down on the attainment of 
a certain critical shearing stress. 

Table I 


Stage I. 

( 

, Tube No. 


s'" 

0.102 

8.00 

8* 

0.087 

7.20 

3 * 

0. 100 

10.70 

6 

0.088 

10.65 

S 

0.086 

13 00 

13 

0.049 

8.00 

7 

0.060 

10.60 

II 

0.049 

10.00 

10 

0.050 

10.60 

12 

0.049 

12.90 


loR/L 

Initial flow Critical shearing 
pressure stress, 

cm. Hg 10. (A) 

0.128 

1-4 

.18 

0.121 

1-3 

. 16 

0.094 

1.4 


0.083 

i-S 

.12 

0.066 

1-5 

. 10 

0.061 

1.6 

. 10 

0.057 

2.1 

. 12 » 

0.049 

1.9 

.09 

0.047 

2.1 

.10 

0.038 

2.7 

. 10 


Constancy of critical shearing stress (A) for long narrow capillaries. 
Capillaries for which L/R < 110, or R/L > 0.09 are marked'" 

Radius cm. Length cm. 
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Alternative (3) seems the most probable, but the matter requires further 
investigation. The fact that readings can be taken repeatedly on both sides 
of the initial flow pressure indicates a reversibility which makes alternative 
(i) seem improbable. 

Stage IL In this stage the day paste moves as a rigid plug through the tube and 
the flow curve is linear over a considerable range, 

Fig.3 shows a photograph of a tube in which a paste of bentonite dyed 
fast with cr>^stal violet was pressed through a capillary containing natural 
white bentonite of approximately the same moisture content. The 
sharp line of demarkation indicates a true ‘‘plug^^ flow. 

Over this stage, the experimental points fall on a straight line 
within the limits of experimental error. 

Table II shows as an empirical fact that the slope (dv/dP = x) 
multiplied by L/R* gives a constant (a) which is independent of 
the dimensions of the capillary, provided that L/R exceeds about 
50. The significance of this in its bearing on Buckingham’s theory 
is dealt with below. 

Table II 

Stage II. Constancy of X ( = xL/R* where x is slope) for 
different capillaries 

Tube No. Radius (cm) Length (cm.) L/io^R® x io“X 

4 0.132 10.80 0.47 1.8 0.85 

3 0.100 10.70 1.07 0.80 0.86 

8 0.087 7.20 I. 10 0.82 0.90 

6 0.088 10.65 ^-5^ 0.93 

7 0,060 10.60 4-92 0.18 0.88 

10 0.050 10.60 8.49 o.ii 0.90 

Stage III. The clay flows as a central plug within a stream4ine shell of increaS’- 
ing thickness and the flow curve bends rapidly upwards. 

Qualitative evidence of the dual type of flow was obtained by a further 
experiment with dyed bentonite. Fig. 4 shows the cross-section of a capillary 
tube after the stress had reached the critical value, so that the dyed bentonite 
was now advancing as a central plug through a residual ring of undyed benton¬ 
ite. That the dyed bentonite represents a plug rather than part of a stream¬ 
line system is indicated by the fact that the flow curve has a definite curvature. 

Stage IV. For the highest rates of shear studied the flow curves become linear and 
the flow is streamline throughout. 

It is found that the slope of the flow curve (y) multiplied by L/R* gives a 
constant (Y) independent of the capillary. 

When the flow curves are extrapolated to the pressure axis, the intercepts 
(c) multiplied by R/L give a constant (C) independent of capillary. (Table III) 



Fig. 3 
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Table III 

Stage IV. Constancy of C ( = cR/L where c is extrapolated intercept) and 
Y = (jL/R* where y is slope) for different capillaries. 


Tube No. 

loR/L 

L/io«R^ 

C(cm Hg) 

c 

y 

WY 

3 

0.094 

0 

M 

0 

7 -S 

• 71 

75 

.80 

6 

0.083 

0.178 

8-S 

.70 

4-7 

.84 

7 

0.057 

0.820 

II.7 

.67 

I. I 

.90 

10 

0.047 • 

I . 70 

14.2 

.67 

0.50 

•85 


(Slopes are expressed in the same arbitrary units throughout.) 

(C) The Linear Portions of the 
Flow Curves 

Further evidence of the essential 
physical difference between the types of 
flow over the linear portions of the flow 
curves in Stages II and IV was obtained 
by experiments in tubes which had been 
roughened internally by means of a mix¬ 
ture of ammonium fluoride and hydro¬ 
fluoric acid. The roughening of the capil¬ 
lary would be expected to interfere serious¬ 
ly with the thin envelope through which 
the plug flows in Stage II but to have 
little or no effect on the streamline flow 
of Stage IV. 

Fig- 5 gives the flow curves in both stages for a smooth and a roughened 
capillary of approximately the same diameters, together with curves calcu¬ 
lated from the constants of the smooth tube for a tube of the same dimensions 
as the roughened one. In the streamline regime (Stage IV.) the experimental 
points for the roughened tube approximate to the calculated curve. But in 
Stage II there is a wide divergence and the rate of flow for a given pressure 
is greatly reduced. Further the flow curves were often more irregular than 
in the example given, indicating that the envelope was not only considerably 
reduced in thickness but was also less uniform. 

The constants (X and Y) derived from the slopes in Stages II and IV 
(Tables II and III) were found empirically to be connected, in that the ratio 
X/Y for a wide range of concentrations of the same clay was constant within 
the limits of experimental error. Clays of widely different geological types 
gave slight but significant differences in values of X/Y. (Table IV). 

Such a relationship between X and Y was indicated in the work of St. 
John' who made comparisons with flour suspensions between a low-shear 
plastometer of his own design and the Bingham high-shear plastoqieter. 
Although St. John regarded both cases as instances of streamline flow, it 
seems probable that the low shear apparatus was giving a plug flow and that 



Fig. 4 


»Ind. Eng. Chem., 19 , 1348 (1927). 
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the correlations obtaining between the two sets of results for different flours 
depend on a somewhat similar relationship between X and Y. 

A correlation of certain of the above plastometric constants for soil pastes 
with agricultural factors, such as the resistance of the soil to the plough, has 
been found and will be discussed elsewhere. It may be mentioned that some 
soils showed visible '^seepage*^* and a consequent failure to give reproducible 
results on repeated shearing. Experiments are also in progress on the plasto¬ 
metric behaviour of clays and soils, with special reference to flocculation, ex¬ 
changeable bases, and the effect of lime and fertilisers on soil tilth. 

^ resu/h /or smooth 

*■“ 0 “ coftf/sf/rtsoyr ft/br 

eo/ctf/aMtf /or smooth, copft/rrry 
0 / JO mo ot/moftsfOtts os roo/hotTost to or 

•jpC £npOrifno»yto/ rosoJts /rom roo^hrfts^ 



Table IV 

Values of Ratio X/Y for different concentrations of three clays 
Clay A. Clay from Broadbalk Field, Rothamsted 



Clay B. 

Oolitic Clay 

Clay C. 

Liassic Clay. 



Clay A 


Clay B 

Clay C 


Concentration X/Y 

Concentration X/Y 

Concentration 

X/Y 

21.9 

2.2 

24.8 

1-5 

24.5 

1-7 

19-3 

1.8 

23.8 

1*5 

20.8 

1-7 

18.4 

2.0 

195 

1*5 

18.3 

1-4 

18.2 

2.2 

18.2 

I . I 

16.4 

1.6 

ISS 

2.3 

17.2 

1.6 

12.6 

2.0 

14.3 

2.0 

14.6 

1.0 



II.8 

2 . I 

13-7 

1-5 



10.7 

2.3 





Mean 

2.2 


1.4 


1*7 


* **Seepage’’ is defined as the condition in which the liquid suspension medium flows 
more rapidly than the bulk of the solid matter. 
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Modificstioii of Buddngluun’s Squotton 

Although the experimental data presented are not sufficient to test the 
whole range of BucHngham’s equation, the constants derived from the two 
linear portions are in agreement with it, provided that it is modified to cover 
the initial region of no movement. This involves altering his assumption that 
the lubricating envelope acts as a true fluid for very low pressures. It is 
necessary to assume that a critical shearing stress must be obtained before 
any motion takes place and to deduct the equivalent pressure before applying 
the equation. This new shearing stress must not be confused with Bucking¬ 
ham’s critical shearing stress (f), which refers to the beginning of streamline 
flow in the paste itself (Stage III). 

The above modification in the hypotheses in Buckingham's equation would 
lead theoretically to the expression 

p ■ P* \ , ffR*€d>(P-a) 

8 L V 3 *^ 3P*/ 

The relationships between this expression and the constants derived from 
the above experimental data are as follows, 

Stage I and II. a = the pressure equivalent to the critical shearing stress. 
Stage III €0 = X = (L/R*). slope. 

Stage IV 4/3P = c ( = extrapolated intercept.) 

and /t = Y = L/R^ slope. 
i/Y = pseudo-viscosity 

Our thanks are due to Dr. B. A. Keen for his interest and criticisms 
throughout the progress of this work, and also to Mr. A. de Waele for advice 
in the earlier stages, especially in connection with the design of the plasto- 
meters. 

Sununaiy 

(1) A modified plastometer of the Bingham and Green type has been 
devised, suitable for experiments on small amounts of clay and soil pastes 
over a range of applied pressure of from 0.05 to 50 cm Hg, and rates of flow 
of from 0.0002 to 2.0 cm’/secs. 

(2) The flow curves fall into four stages. In the first stage there is no 
flow; in the second the value of dV/dP is constant; in the third it increases 
rapidly and in the fourth it is again constant. The movements are succes¬ 
sively—plug flow, plug flow with stream line flow in an outer sheath, and 
entirely streamline flow. 

(3) This behaviour is shown qualitatively by experiments with dyed 
clays and for the most part quantitatively from the constancy of the plasto- 
metric functions to agree with an equation slightly modified from Bucking¬ 
ham’s theoretical equation. 

(4) It is found as an experimental fact that the ratio of the constants 
derived from the slopes of the plug and streamline stages respectively is cop- 
stant over a wide range of concentration for a single clay. For days of widely 
different geolc^cal origin variations in this ratio are nnall, but probably 
significant. 



PHOTOVOLTAIC CELLS WITH SILVER-SILVER BROMIDE 
ELECTRODES. PARTI* 

W. VAN8ELOW AND 8. E. 8HKPPARD 

A review of all the work which has been published bearing on the subject 
of photo-voltaic cells would be a task in itself. To review and scrutinize all 
of the literature relative to photo-voltaic cells having silver halide electrodes 
is in order but for the fact that the data published have been obtained under 
somewhat incomparable conditions. The present investigation was taken up 
in order to investigate indirectly the formation of the visible and latent 
photographic images with silver halides. 

Thus it is not the object herein to criticize others’ results but merely to 
present the methods and results obtained by using a photo-voltaic cell con¬ 
sisting of silver-silver bromide electrodes immersed in an electrolyte having 
the bromide ion. Nor do we offer herein a complete interpretation of all data 
presented. Such interpretations and theoretical discussions will follow in 
another publication. 

Two recent investigators, Allen Garrison* and Carl W. Tucker,* have 
published results of experiments with photo-voltaic cells using silver halides 
as the photo-sensitive material. Wildermann* has also done considerable 
work on this photo-voltaic cell. He finds the photo-potential gradually 
reaches a maximum, and after the exposure has ended, the potential falls to 
its original dark potential difference. 

Scholl* has studied the behavior of silver iodide in the photo-cell in various 
spectral regions. A number of processes take place during the illumination 
of silver iodide in a salt solution. Moisture increases the liberation of elec¬ 
trons when silver iodide is illuminated. Goldmann® has devoted some atten¬ 
tion to the photo-electric effects in photo-voltaic cells using solutions of eosin, 
fluorescein, etc. The strength of the photo-electric current is proportional 
to the light intensity and to the illuminated area and is within wide limits 
independent of the magnitude of the resistance of the circuit. 

Going still further back into years, we come to another investigator whom 
we will mention,—Minchin.® Retreating still further we come upon the 
investigator to whom credit for the discovery of the phenomenon is due,— 
Ed. Becquerel.^ 

* Communiostion No. 363 from the Kodak Research Laboratories. 

* J. Phys. Chon., 28 , 333 (1924)- 

* J. Phys. Chem., 31,1357 (1927). 

•Z. phyaik. Chon., 59 , 553, 703 (1907). 

‘Ann. Physik, (4), 16 , 417 (1905). 

' Ann. Phyaik, (4), 27 ,449 (1908). 

•Phil. Mag., (5), 31 , 207 (1891). 

*La Lumi^, II, 129 (1868). 
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When two metallic electrodes are coated with a photo-sensitive material 
and are immersed in an electrolyte, if one of these electrodes is illuminated 
while the other is kept dark, an electromotive force is set up. This phe¬ 
nomenon has been termed the Becquerel effect, after its discoverer. Bec- 
querel, in his work, observed that in the case of the photo-voltaic cell having 
silver-silver iodide (silver iodide layer upon silver) electrodes, one of which 
is illiuninated while the other is kept dark, that the photo-potential was not 
always in the same direction. Garrison’s statement regarding Becquerel’s 
work reads... “If the silver iodide coating was not too thick on the electrode 
he found that the photo-potential was always positive, that is, the light 
caused the electrode to take a positive charge from the liquid. But when the 
coating had reached a critical thickness there appeared a negative light effect 
which was only temporary and was ordinarily followed by the positive effect.” 
These facts agree in part with those we have observed in the case of the 
photo-voltaic cell using silver-silver bromide electrodes. We might state 
that up to a certain thickness of silver bromide layer on the silver the photo¬ 
potential was momentarily negative and then positive. But it must be 
borne in mind that there is little justice for a comparison because all con¬ 
ditions of experiment were not similar. Becquerel had used his silver-silver 
halide electrodes in a solution containing a small amount of sulfuric acid. 
The electromotive force of the photovoltaic cell depended in part upon the 
thickness and uniformity of the silver halide layer. 

The definitions of the positive and the negative effects are not the same 
for all investigators. Some have the reverse meaning, t.e., positive to some 
is the negative to others. 

In reviewing briefly Tucker’s article, one must recall that Tucker and 
Minchin have adopted opposite meanings of positive effects. Minchin’s 
results regarding the electrical effects observed are rather indefinite. Tucker 
quoted Minchin exactly: “In nearly every cell that I used with thin plates— 
whose surfaces, as stated above, had not been treated in any way—^the 
exposed plate was positive to the unexposed; but after a time varying from a 
few minutes to a few hours, it was found that this positive current died out 
and was replaced by an apparently stronger current, in which the exposed 
electrode was negative. Thus there was a change in the sign of the e.m.f. 
produced by the continuous action of light. This again reminds me of M. 
Becquerel’s observation about the thickness of senritive layers. There 
seemed to be almost no exception to the rule that the exposed electrode begins 
by being positive and ends by being negative, the negative regime lasting for 
many days of prolonged exposure to light.” Minchin found that the photo¬ 
potential sign is dependent upon the nature and thickness of the photo¬ 
sensitive naaterial upon the metal electrode, upon the electrode metal and 
upon the photo-cell electrolyte. Tucker performed various sepes of ex¬ 
periments with cuprous oxide and silver halide photo-voltaic cells, using a 
potentiometric method for the measurement of the photo-potentials. Tucker 
used this potentiometric method because “practically no current passes 
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through the cell when this method is used, the occurrence of a secondary 
electrode polarization is prevented/' 

It may be stated here that the authors of this paper used the potcntio- 
metric method at the outset of the problem but soon adopted the vacuum 
tube voltmeter method because the potentiometric method was slow for 
making readings required for this particular voltage-time curve. Tucker set 
forth a group of generalizations as a basis for explaining and predicting the 
behavior of a given voltaic cell. Three of these generalizations are: 

1) In a photo-voltaic cell with electrodes consisting of the same metal 
from which the metallic constituent of the photo-sensitive material is de¬ 
rived, illumination tends to produce a photo-chemical reduction of the photo¬ 
sensitive substance. 

2) If the photo-sensitive substance is on the illuminated electrode as a 
uniform layer, local cell formation on the illuminated surface will be at a 
minimum and the exposed electrode will be an anode. 

3) If the photo-sensitive substance is on the illuminated electrode as a 
non-uniform layer, local cell will be set up in the illuminated electrode. If 
these local cells tend to polarize, the illuminated electrode will eventually 
become a cathode after continued illumination. If these local cells do not 
polarize but are completely reversible, the electrical behavior of the illumi¬ 
nated electrode will be determined by the oxidizing solution or reducing 
nature of the cell solution. In an oxidizing solution or a neutral solution 
the illuminat<5d electrode will be a cathode while in a reducing solution, 
the illuminated electrode will be an anode. 

From these generalizations one may at the outset gather that there is a 
possibility of the initial negative photo-potentials being caused by local cell 
reaction on the illuminated electrode. This thought can be discarded upon 
examination of the results given. 

Garrison, too, found that the sign of the photo-potential was dependent 
on the thickness of the silver iodide layer over the electrode and also on 
the ratio of the concentration of silver ions to that of iodide ions in the 
electrolyte. 

The results given in this paper were, with a few exceptions which were 
obtained by a potentiometric method, obtained through use of the vacuum 
tube voltmeter. Work is now in progress on this problem whereby measure¬ 
ments are being made with the oscillograph. 

Apparatus Section 

Electrodes. 

The photo-voltaic cell or in short the photo-cell consisted briefly of two 
silver-silver bromide electrodes immersed in an electrolyte. The method of 
preparation of silver-silver bromide electrodes which would render repro¬ 
ducible results is far from perfection. Reproducibility of results caused by 
minute differences in electrodes is the chief difficulty encountered in photo¬ 
chemical work of this type. Perhaps, one might state, that some previous 
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investigators in the field of photo-cells have been reluctant about disclosing 
any difficulties they might have encountered in preparing “reproducible 
electrodes.” 

At the outset of this investigation it was hoped to develop a method for 
the preparation of reproducible electrodes of sUver-silver bromide. Elec¬ 
trodes giving fairly reproducible results can be prepared. The “quality” 
of the “reproducibility” will be evident after examination of the results pre¬ 
sented herein. The problem of reproducible metal-metal halide electrodes, 
it may be said, is still .in general unsolved and worthy of extensive investi¬ 
gation. 


photo-voltaic cell SILVER-SIU/ER BROMIDE ELECTRODE 




It would be wearisome to relate all the unsuccessful attempts in obtaining 
reproducible silver-silver bromide electrodes. Therefore, merely a few diverse 
methods will be given in brief; but that method yielding the best results will 
be described completely. The electrodes were all of silver about 1.5 to 2 mm. 
in thickness and 10 mm. in diameter. Silver obtained from two different 
sources was used: i) silver used by the Eastman Kodak Company, and 
2) silver obtained from the U. S. Mint, Philadelphia. 

The results from the two sources were indistinguishable. In Fig. i is repre¬ 
sented the electrode employed. The electrodes were fused onto a platinum 
wire which was sealed into the end of a glass tube making it possible to make 
contact through a mercury well. 

Many attempts were made to obtain electrodes which would give re¬ 
producible results. Variations in the method of polishing of these silver 
electrodes included wet polishing on 400 mesh carborundum paper, annealing 
or not, polishing dry on blotting paper with levigated aluminum oxide, or 
dry or wet on silk broad-cloth using “Shamva,” magnesium oxide. Paraffin 
was used for insulating the backs and edges of the electrodes from the eleo- 
trolsrte in the photo-cell. 
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The silver surface was prepared from bromination by polishing, sput¬ 
tering silver, or electroplating. 

The various methods of forming the silver bromide onto the silver electrode 
included: 

1) Bathing in solutions of bromine in water or in carbon tetrachloride 
for periods upwards to three hours. 

2) Bathing in liquid bromine. 

3) Electrochemical formation of silver bromide. Most of these methods 
give poor results. 

The method finally adopted for the preparation of the silver-silver bromide 
electrode is this: The silver electrodes are ground flat in 400-mesh carbo¬ 
rundum paper under water. A fairly good polish can thus be obtained. They 
are then annealed. Wildermann^ states: ^Xlradually heat the silver up to 
120° to 140%'. and allow to cool over the course of several hours. 

Unfortunately during the annealing process a thin layer of silver oxide 
is formed. The backs and edges of the electrodes are paraffined by immersing 
them into melted paraffin kept only just above its melting point. It might be 
thought this rewarming of the electrodes would destroy the anneal they had 
just received, but experiments showed this is not the case. The paraffin is 
wiped off the front of the electrode with cotton. It is then polished on silk 
broadcloth, using water and Shamva so as to remove the very thin layer of 
silver oxide fonned during the annealing process. Immediately after polish¬ 
ing, the electrode is washed in distilled water and then immersed in water 
until the second one of its set has been polished. The two electrodes, forming 
a set, are now washed in a solution identical to that used for brominating, 
and then transferred to the brominating apparatus. The silver bromide 
is formed electrochemically at once so as to avoid reoccurrence of the oxide 
film. 

A set of two electrodes is brominated at one time so as to have the two 
electrodes more nearly duplicates of each other, and thereby increase the 
possibility of having a zero difference of potential between them when they 
are used in the photo-cell. The electrolyte used in the formation of the silver 
bromide was of two concentrations: A electrolyte consisted of KBr and 
1.2% HBr in water; B electrolyte consisted of 0.5% KBr and 0.12% HBr in 
water. The set of electrodes served as the anode and the platinum sheet as 
cathode in the electrochemical formation of AgBr on the silver electrode. 

The silver bromide contents of a series of silver-silver bromide electrodes 
were determined. The following is the scheme for analysis of the electrodes: 
The silver-silver bromide electrode was placed in ammonium hydroxide 
solution and allowed to stand until the silver bromide was dissolved off 
completely (say s minutes). This solution was diluted to a definite volume 


‘ Z. physik. Chem., 59 , 574 (1907). 
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and the silver converted into silver sulfide. The color of this solution was 
compared with that of standard silver sulfide solution in the micro-colori¬ 
meter.^ 


Table I 


Concentration of solution 
used in electrochemical 
formation of AgBr 

Period of 

AgBr forma¬ 
tion (seconds) 

Wt. of AgBr 
on electrMe 
(mgr). 

Thickness of 
AgBr layer on 
electrode mm. 

5% KBr -- 1.2% HBr 

I 

0-43 

0.00085 


5 

•63 

.00124 


10 

1.08 

.00213 


IS 

i-SS 

.00305 


30 

2.61 

.00515 


60 

3 96 

.0078 


120 

7.2 

.0142 


240 

II .6 

.0229 

0.5% KBr - 0.12% HBr 

I 

.076 

.00015 


5 

. 20 

.00039 


10 

.27 

.00053 


The set of two electrodes having been coated with silver bromide is washed 
at once in a portion of the solution of the photo-cell electrolyte in which it is 
to be used. The electrodes are then allowed to hang immersed in a bottle 
containing some of the photo-cell electrolyte. At first the electrodes of each 
set were short-circuited and allowed to stand over varying periods of time. 
In some cases even after a short-circuiting period of a week, the difference 
of potential between the two electrodes was so great that they could not be 
used in a determination. It was found in this work that short-circuiting the 
electrodes of a set did not assist in obtaining better results. It is to be noted 
that in this work it was always a matter of measuring the difference of po¬ 
tential between two electrodes (as near identical as could be obtained ex¬ 
perimentally), one of which was exposed and the other kept in the dark. 
It was foimd that if there was a large difference of potential between the 
electrodes (both dark), the results of the photo experiment were also very 
poor and were discarded. 

Apparatus 

The apparatus, in general, consisted of three parts: the optical system, 
photo-cell, and the system for measuring the potential difference between the 
illuminated or exposed electrode and the dark electrode. 

The optical system, if one may call it such, consisted of a Cooper Hewitt 
quartz mercury vapor arc enclosed in a ventilated lamp house. A quartz- 
windowed water cell of i cm. thickness between the arc and photo-cell served 
to eliminate heat effects in the photo-cell. An Ilex shutter is used to control 
the period of exposure of the electrode in the photo-cell. 

i These analyses were performed by Mr. A. Ballard, according to a method described by 
Sheppard and Ballard: J. Franklin Inst., 205 , 659 (1928). 
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Photochemical relations, in general, have a temperature coefficient of 
nearly unity and so a thermostat is not so important as far as the photo¬ 
chemical reaction is concerned; but in making potential measurements on a 
cell it is of importance to have no temperature difference between the two 
electrodes. For this reason alone a thermostat is necessary if voltages are to 
be read beyond the third decimal place. An aqueous layer in the thermostat 
serves as a filter for some infra-red radiations and minimizes that source of 
error. The thermostat was sufficiently large to contain a metal box con¬ 
taining a standard cell, the photo-cell; a heating and cooling system, and an 
agitator. The water in the thermostat was maintained at a temperature of 
25 d: o.i®C. The whole thermostat was so constructed as to be light proof. 

Photo-cell 

Two different photo-cells were used in this work. The first photo-cell 
consisted of a large f 7 -tube in each arm of which a silver-silver bromide 
electrode was supported so as to be opposite a quartz window. The resistance 
of photo-cell with electrolyte was approidmately 800 ohms. It was thought 
that agitation of the electrolyte in the photo-cell might be desirable and so a 
second photo-cell was made, Fig. i. 

The electrodes and their method of preparation have been described pre¬ 
viously. The nature of the photo-cell electrolyiies will be considered with the 
particular experiments described. 

Total Energy reaching the Silver-Silver Bromide Electrode 

The distance from the arc to the face of the electrode was 20 cm. The 
complete emission spectrum of the Cooper Hewitt quartz mercury vapor 
arc passing through the optical system as described was employed in il¬ 
luminating the electrode. It is desired to know approximately the amount 
of energy reaching an electrode under the conditions specified in spite of the 
fact that but a small portion is photochemically effective. The same optical 
system was used except a thermopile was adjusted in place of the electrode. 
Inasmuch as most of the experiments were conducted using a photo-cell 
electrolyte of o.i N-KBr saturated with AgBr, a layer of this electrolyte of 
the same thickness as that in front of the electrode in the photo-cell, was 
introduced in the path of the light in front of the thermopile. A Moll thermo¬ 
pile was used in connection with a Leeds and Northrup high sensitivity 
galvanometer which system had been calibrated against a radiation standard 
purchased from the Bureau of Standards. The system for measuring the 
energy was as identical to the experimental system as could be desired, except 
for the fact that a neutral wedge of density 4 o had to be introduced into 
the path of light so as to reduce the intensity of radiations sufficiently 
to make them measurable by the thermopile. 

The thermopile was calibrated against a Radiation Standard C 52 ob¬ 
tained from the Bureau of Standards. The energy reaching the surface of 
an electrode was 14.6 X 10* ergs per second. 
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i^iparatas for nioto-Potmtial Measurraifint 
At the outset of the exposure period it was observed that the potential 
was negative with respect to that obtained after about the first minute or less. 
At this time a Leeds and Northrup type K potentiometer was employed in 
tYinlring the voltage measurements. The time required by the operating 
technique of a potentiometer is far too great to permit of making a satis* 
factory reading within this period. In order to investigate this initial effect, 
PHcrro-ceu. vacuum tum vocnic-ns 




Fio. 2 

which was known to occur during the first minute of exposure, a vacuum tube 
voltmeter was designed and constructed. Some of the results obtained by 
this vacuum tube voltmeter will be presented herein. With this instrument 
it was possible to obtain an e.m.f. time curve accurately after the first five 
seconds of exposure. The negative effect still occurred during this first por* 
tion of the curve. In view of the high period of vibration of the microam¬ 
meter, it was impossible to obtain the absolute values of the initial negative 
effect during the first second of exposure, however, somewhat relative values 
were obtained by noting the sudden surge of the mit^oaunmeter nee<fie. At 
present accurate data atre being obtained on this initiad effect throu^use of 
an oscillograph. 
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The vacuum tube voltmeter which was used in making most of these 
photo-potentials will be described. The potentiometric method needs no 
further remarks because the operation of the L & N type K potentiometer is 
described fully by its manufacturers. 

Vacuum Tube Voltmeter 

This instrument was constructed and installed by Mr. V. C. Hall of the 
Ph3rsics Department of these laboratories, to whom we express our grateful 
thanks. 

Fig. 2 shows the important features of the photo-cell-vacuum tube volt¬ 



meter system and also the circuit. The electrode of the photo-cell receiving 
the radiations is the positive one and is connected to the grid E of the 205 D 
Western Electric vacuum tube by as short a connection as possible. The 
current through the filament F is maintained at 1.5 amperes. The rheostat 
ff and the vacuum tube are incased in a grounded metal shield. X is a 3000 
ohm resistance which aids in stabilizing the system. L is a Weston milliam- 
meter, scale 0.50. M —^Weston d. c. microammeter, Model 322, 300 micro¬ 
ampere range. (This is replaceable by a similar meter of 25 microampere 
range. N —batteiy, 240 volts. O—C battery, 12 volts. U —24 volts, 
storage batteries. 

To use the voltmeter the filament of the tube is lighted and N adjusted 
so as to have about 10 milliamperes plate current indicated by L. The shunt 
PQ is closed during these adjustments so that no current flows through the 
mioroammete] M. Q is increased slightly and R auljusted until M reads zero. 



340 


W. VANSELOW AND B. E. SHEPPABD 


While Q is now being gradually increased, M is alwa 3 rB adjusted to zero, until 
finally the switch P is opened when the full sensitivity is obtained. T and S 
are now adjusted so that the microammeter reads zero and is ready for use. 
Whenever an adjustment is being made on the voltmeter, the microammeter 
must be shorted. 

The vacuum tube voltmeter was calibrated with a potentiometer. Its 
readings were microamperes while the values read by the potentiometer were 



volts. The relationship between the amperage and voltage was almost linear 
for a range of o to i6 volts. The voltmeter calibration curve did not change 
over a six month period of service. The grid current of this voltmeter is 
remarkably small. It is so small that if it does produce polarization in the 
photo-cell it is insufficient to interfere with the results. If there were polari¬ 
zation taking place, the microammeter needle would have a large driJFt but 
the drift is too small to influence the photo-potentials measured. 

Experimental Results 

ResuUa obtained by electrodes prepared by different, methods. 

In general there are four differently shaped curves. It may^be Baid the 
shape is dependent upon the thickness of the layer of silver bromide and 
upon the crystal size of silver bromide. These curves were obtained with Uie 
potentiometer. The four general shaped curves are: 
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1) Gradual increase in voltage up to a maximum at about the second 
minute exposure, Fig. 3, Curve i. 

2) A horizontal Une after the first minute, Curve 2. 

3) A maximum reached during the first minute exposure and a con¬ 
tinual decrease in voltage following. Curve 3. 

4) A continual increase in voltage dependent, however, upon thickness 
of AgBr, Curve 4. 

The methods of AgBr formation on the silver electrode were widely dif¬ 
ferent yet the curves obtained could be classified according to the curves in 
Fig. 3- 



Curve 

Table II 

Method of Silver Bromide Formation 


Time 

Solution 

I 

IS minutes 

2^% bromine in CCI4 


3 hours 

saturated bromine water 


I hour 

J saturated bromine water 

2 

— 

not brominated 


10 minutes 

bromine 


2 minutes 

^ saturated bromine water 

3 

I hour 

saturated bromine water 


15 minutes 

saturated bromine water 


10 minutes 

J saturated bromine water 

4 

— 

electrochemically 
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It is unsafe to make any general statement regarding the shape of the 
curve as related to the period of bromination because the various methods 
of bromination are not comparable and further, the purity of fihe silver- 
silver bromide electrodes is an uncertainty dependent upon the method. The 
exact thicknesses of the silver bromide layers were not determined in these 
experiments because we were searching for a method which would offer pos¬ 
sibilities of reproducibility. Electrodes prepared electrochemically gave 
the best results. The curves are presented to show the discrepant results 
obtainable from electrodes of Ag-AgBr prepared by different methods and 
hence the difficulty of comparing different observer's results. 



Fig. 4 represents five determinations in which the electrodes were bromi- 
nated alike electrochemically. In four out of the five curves, the parts for 
the first minute exposures are in agreement. The curves in Fig. 4 illustrate 
well what changes in potential can be effected by very slight—^yet -outwardly 
imperceptible—differences in the electrodes. 

Effed of the Thickness of the Silver Bromide Layer on the Electrode upon the 
Photo-Potential. 

For these determinations two types of electrolytes in the photo-cell were 
used. A o.i N KBr solution, and a o.i N KBr satmated with AgBr, were 
used as cell electrol3des. Only a few experiment were conducted with the 
O.I N KBr because the solution of the silver bromide of the electrodes is 
sufficient to affect the photo-potentials of the cell. For this reason it is l^est 
to work with {ffioto-cell electrolytes which are saturated with respect to the 
photo-sensitive material of the electrode. As the thickness of the silver 
bromide layer increases, the photo-potential curve assumes a more steady 
e. m. f. after about the first 30 seconds’ exposure. This effect caused by the 
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solution of the silver bromide is brought out very distinctly by a very thin 
layer of AgBr. when the photo-cell electrolyte is saturated with respect to 
AgBr, the photo-potential reaches a steady e. m. f. after approximately the 
first 30 seconds and maintains this e. m. f. for a period of at least go seconds. 

In case of some of the electrodes, a negative effect was observed at the 
very beginning of the exposure. Fig. s is a typical curve. In the case of 
the negative effect, the values given are merely relative because they repre¬ 
sent surges of the microammeter needle. This initial negative effect is 
practically inertialess. An Ilex shutter set to i/iooth second exposure 



Fig. 7 


period was opened for that period and the ammeter needle surged. Some 
negative effect was still observed after five successive i/iooth second ex¬ 
posures. Actual e. m. f.-time records are now being obtained of this period 
of exposure by means of an oscillograph. 

In general, it can be stated that the curves obtained for the initial ex¬ 
posure of a set of electrodes differs somewhat from the curves obtained for 
subsequent exposures. Compare Curves i and 2 with 3 and 4 respectively 
in Fig. 6. 

Fig. 7, Curve i, represents the initial relative negative effect as the thick¬ 
ness of the AgBr on the silver electrode varies in this particular concentration 
of photo-cell electrolyte. At a thickness of 0.002 5 mm., the curve reaches the 
zero axis. In all probability the negative effect curve approaches the axis 
more gradually but this vaccum tube voltmeter does not indicate such per¬ 
haps because of its insensitivity. 

Fig. 7, Curve 2 is a curve representing the potential differences when they 
have become constant or nearly so when the photo-cell is illuminated. Curve 
3 represents the same feature. In the case of Curve 2, the electrodes were 
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prepared in the (5% KBr, 1.2% HBr solution) while in the case of Curve 3, 
they were prepared in the 0.5% KBr, 0.12% HBr solution. The rate of AgBr 
formation apparently affects the crystal size of the silver bromide which is 
evidently somewhat responsible for the difference between the two curves. 

Fig. 8 deals with the rate at which the potential difference between the 
electrodes returns to the initial value which existed before exposure. Im¬ 
mediately after the exposure of the cell was ended, thereby causing both 
electrodes to be dark, the e.m.f.-time curve was obtained. The drop at first 
was rather rapid and sufficient precautions were not taken to make the most 
accurate measurements in consideration of this rapid initial drop. However, 
it appeared as though some relation existed between thickness of silver bro¬ 
mide layer and rate of return to zero difference of potential. As a result the 



times required for the e.m.f.’s to drop 10% of the steady e.m.f.’s shown in 
Fig. 7, Curve 2, were plotted against thickness. The curve is an approxi¬ 
mation, but it indicates a nearly linear relation. 

The Relation of Electromotive Force of the Photo-cell to ConcerUraiion of Elec¬ 
trolyte. 

A series of experiments were made wherein the variable factor was the 
photo-cell electrolyte. The electrodes were all the same, having an AgBr 
layer of 0.00039 mm. thickness. All the photo-cell electrolytes used were 
saturated with respect to AgBr. Fig. 9 represents the results of nine different 
concentrations of the electrolyte. The negative effects are, as has been pre¬ 
viously stated, merely relative. That the variations in these curves are not 
caused to any ^at amount by varyii^ amoimts of light absorbed is^proved 
by the experiments conducted. The electrolytes i N-KBr and saturated 
KBr contained a relatively large amount of ffllver bromide when saturated 
with respect to AgBr as compared to the AgBr content of the lower KBr 
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concentration electrolytes. Their curves are decidedly different also. The ab¬ 
sorption of light by the AgBr in these concentrated KBr solutions is not 
responsible for the greater part of the difference in the curves. 

A photo-cell containing electrolyte of o.oooi N-KBr saturated with 
AgBr, and AgBr electrodes of 0.00039 mm. thickness were used. The potential 
differences between the exposed and dark electrodes were obtained by the 
vacuum tube voltmeter under the following conditions: 



Fia. 9 

a) Without a filter cell in front of the window of the exposed electrode. 

b) With a quartz cell (i cm. thickness) in front of the exposed electrode. 
The filter cell contained: 

6 N KBr saturated with AgBr 
S NKBr 

4 Saturated KBr, saturated with AgBr 
3 Saturated KBr 

7 Nothing 

Compare these curves with Curves i and 2 and it becomes obvious that 
this large difference is not due to difference in light absorbed. It appears that 



346 


W. VANBELOW AND 8. E. 8HEPPABD 


as the concentration of KBr and AgBr increasee, a direct effect upon the 
electromotive process is produced. 

The four parts of Fig. ii represent the relative initial (negative) Curves 
2 and 4, and steady (positive) Curves i and 3, potentials for various concen¬ 
trations of KBr in the photo-cell electrolsrte. 

The Electromotive Processes 

Examination of the general shape of the p.d.-time curves shows them to 
consist of two initially important portions. These are a quasi-instantaneous 
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negative portion, or negativization of the electrode, followed by or passing 
into a positive portion (positivization). 

It is reasonable to assume that the negative process is not eliminated when 
the positivizing process comes into being but that the p.d.’s then are the 
resultant differences of two effects. 

It was observed that the thinner the layer of AgBr on the silver electrode, 
the more marked was the initial negative effect. 

To explain this characteristic of the p.d.-time curves, the following 
hypothesis was assumed. It has been proposed by Sheppard and Trivelli* 
and independently by Fajans* that the primary photochemical effect of light 
upon silver halide, which form ionic or heteropolar lattices, is to discharge an 
electron from a bromide ion, which is then accepted by a silver ion, forming 
silver atoms and bromine atoms. The former are aggregated to metallic 
silver, the latter to bromine molecules. This may be represented as foAows:— 


‘ Phot. J., 61 , 403 (1921). 

*Chem. Ztg., 666 (1921); Z. El^Uroohemie, 28 ,499 (1922). 
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Br -f hi' = Br -f 0 

4 * 

Ag + 0 = Ag. 

Supposing this primary action of light upion the Br ion to occur in the 
silver bromide of the photo-cell, then at first both electrons and bromine 
(as atoms or molecules) may be supposed to move in the direction of the light 
ray toward the silver electrode (c/. Fig. 12). 



Fra. II 

llie electrons penetrating into the silver electrode increase the electron 
pressure and thereby produce the initial negative surge. Meanwhile the 
slower moving bromine on reaching the electrode attack this, according to 
the equation + - 

i/2(Br2) + Ag = AgBr 

giving the positive potential. 

Before proceeding to the more quantitative aspects of this hypothesis, 
we ahn.ll describe certain semi-quantitative and qualitative tests to confirm 
it. Hiese will deal first with the positive p.d. ascribed to bromine. 

It is evident that the relation of the fall of the positive p.d. with time 
<m darkening, to the thickness of the AgBr layer is in agreement with a dif¬ 
fusion resistance directly proportional to the thickness of layer. 

Effect of Halogen Acceptors 

if the hypothesis is correct, introduction of other halogen acceptors than 
the mlver of the electrode should eliminate or reduce the positive p.d. and 
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leave the negative p.d. more in evidence. The experiments confirmed tii&is 
prediction, as is shown in Fig. 13. 

The thickness of the AgBr layer was 0.00039 mm. in each case, the dee- 
trolyte o.i N KBr saturated with AgBr. The concentration of the bromine 
acceptor was o.i M. 

It is evident that the effect of the halogen acceptor depends upon its 
velocity of reaction with the bromine. Further experiments are planned on 
this, tr3dng other acceptors, including gelatin. The problem of securing their 
presence in the silver halide layer is a difBicult one. 
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Direct Bromine Potentials 

Assuming bromine to be the active agent of the positive p.d. process, 
similar results should be obtained with bromine itself. A similar photo>cell 
was used, but entirely darkened, and one electrode exposed to bromine al¬ 
lowed to diffuse from a solution through the AgBr layer. The cell contained 
the two silver: silver bromide electrodes (c/. Fig. i) and a solution of 0.1 N 
KBr saturated with AgBr. The negative electrode was surrounded with an 
alundum crucible to protect it from the bromine solution about the positive 
electrode, but giving a capillary electrolyte connection. 

The experiment was conducted as follows; The two electrodes of the cell 
were connected to the vacuum tube voltmeter, the positive electrode to the 
grid. The solution of N c.c. of 0.1 N-KBr saturated with AgBr about the 
positive electrode was agitated vigorously throughout the experiment, 
thereby later mixing the solutions rapidly and maintaining a constant con¬ 
centration of bromine. When the system was in equilibrium, (t.e., micro¬ 
ammeter’s needle was steady), N c.c. of 0.1 N-KBr saturated with AgBr and 
containing a double concentration of bromine were added quickly to the 
solution about the positive electrode, and the microammeter readings taken. 
The double concentration of bromine became a single concentration about 
the positive electrode. These experiments are pr eliminar y in nature yet they 
answer the question. 

Experiments were conducted using three concentrations of bromine with 
three different thicknesses of silver bromide electrodes. The electrodes 
having a thickness of 0.0078 and 0.00124 mm. were prepared using a srdution 
of s% KBr and 1.2% HBr, whereas the electrodes whose thickness was 
0.00039 mm. were prepared using a solution of 0.5% KBr and HBr. 

It was observed that the results obtained from electrodes prepaid with 
the dilute solution differ from the others. Crystal size of AgBr is pwrbapif 
again an influencing feature. Some of these results are shown in Fig. 14. 
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In view of the fact that the microammeter reads zero, it is known that the 
OMSibers of the photo-cell were in equilibrium. The curves of the positive 
pholo-potential and those obtained by bromine diffusing through the silver 
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bromide layer of tlie silver bromide electrode evidently very siinilar in 
magnitude and in shape. The steady e.m.f. values for the different bromine 
concentrations have b^n read on Fig. 14 and tabulated. 

Assuming the reaction to be + - 

1/2 Br* + Ag::;=±AgBr 

we have for equilibrium 

, _[BrJ»/>[Ag] _ [Br,]>/«[Ag]. 


[Ag"*" Br“] 


[Brt}/* [Ag] 
[Ag+][Br"] 


THICKNESS OF AaBr LAYER ON ELCCTKOPBi 

.0078 m.»n. 

_CUBVE B ROMINE CONCENTgATION 

I 1.0 > 



0 . 001 % 


TIME ( 8 EC 0 UDS) 


Fio. 14 

From Kolthoff’s work^ it appears that electromotively the expression [Ag*^] 
[Br~] is constant. Assuming [Ag] in presence of solid phase also conkant, 
this gives 

k = K (Br*)*/*. 

From Nemst’s equation, the e.m.f. should be 

T. B.T, , 

E = Eo - ^ log k 

= Eo - RT log K • [Br,]*/*. 

On plotting the steady e.m.f. against log [Br*]*/*, the curve in Fig. 15 was 
obtained. 

This is a straight line until the lowest concentrations of bromine me 
reached. In the calculation, neither the hydrolysis , ^ 

Br, + H*O^HBr + HBrO 


* Kolthoff and Funnan: “Potentiometric Titrations,” 166 (1926). 
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not the complex formation 

Br2 + Br^i:±Br8 

have been allowed for, which may introduce deviations increasing as the 
concentration of Br2 becomes smaller. It seems possible that later experi¬ 
ments may yield information on these points and on the adsorption of Br2 
and Br to AgBr. In any event, the experiments confirm the production of the 
positive p.d. by the action of bromine. 

Discussion 

The last experiments described confirm the hypothesis that the positive 
p.d. is due to bromine. With regard to the negativization, it must be borne 
in mind that the photo-cell seldom exhibits a zero p.d. in darkness. The 
illuminated electrode is usually slightly positive with regard to the other. 
On exposure it instantly becomes less positive, i.e., the p.d. is diminished and 
negativized during the first fraction of a second in light. In view of the zero 
reading of the microammeter, it appears that the members of the photo-cell 
prior to illumination were in equilibrium, i.e., the osmotic pressure of silver 
ions and the solution pressure of the electrode. The initial negative effect 
due to light corresponds with a decreased solution pressure of Ag'^ ions or 
an increased electron pressure in the metal. 

The reactions proceeding in the silver halide in light may be represented 
according to our present ideas by the following schemes: 


1) 

2) 

3) 

4) 

5 ) 


I 

- * 

Br + hv —Br 



Ag-^ + e 


Br+ 0 * 
Br* + e 
—^ Ag 


Br + Br —Br2 
Ag + Br—Ag“^Br~ 


II 

- -* 

1) Br + h^—►•Br 

2) Br + Ag'*" —Ag + Br or Br* 

3) Ag + Br —h Ag"*^Br" 


A similarity in the two reaction schemes is that in both cases the first 
action of light is to produce an excited bromide ion. In Scheme I the excited 
bromide ion is supposed to lose an electron, either yielding a normal bromine 
atom and a high-speed electron, or an excited bromine atom and a low speed 
electron. In Scheme II, the excited bromine ion is supposed to react directly 
with a silver ion, giving a silver atom and a bromine atom (either normal or 
excited). There is evidence for the production of relatively free internal 
photo-eleetrons in insolated silver halides from the photo-conductance ex¬ 
periments of Arrhenius,^ but particularly from those of Scholl,^ and more 
recently of Gudden and Pohl.® We may therefore assume provisionally that 
Scheme I is the more probable. 


^ Ann. PlQrsik, (3) 32 , 566 (1887); Wien. Ber., 98 , 12, 831 (1887). 
* Ann. PltyBik, (3) 16 , 193, 417 (1905). 

»Z. Phywk, 6, 248 (1921). 
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The reactions expressed by I (i) and I (2) are taking place throughoi||^i|he 
thickness of the silver bromide layer, but with a probability depending 
eneigy density, i.e., upon the intensity of the light at a given thickness, 'The 
reactions I (4) and I (5) represent the recombinations; of these the WW Mn - 
bination of bromine with silver can occur both with the silver redulifl by 
reaction I (3) or with the silver of the electrode. The hypothesis wli|ii we 
are proceeding to test for the production of the photo-potentials is vie fal¬ 
lowing. We may assume that both the photo-electrons from I (i) aifil I (a) 
and the bromine atoms will move in the direction of the light ray, iie^ wiU 



diffuse towards the silver electrode, in so far as they are not removed by re¬ 
combination. Supposing the photo-electrons to have considerably'^lgreater 
velocity than the bromine atoms, some of them reach the sUver ufeebrode 
before the bromine and increase the electron pressure, or negative jpotential, 
thus giving the negative movement in the first second of exposure (C/. J%. 12.) 
This could hardly continue, because the removal of the electrons,frain the 
silver bromide will be building up a corresponding exce% positilb charge, 
soon restraining transfer of electrons. On the other hand, the bi^Hnise dif¬ 
fusing to the silver surface will be attacking this and producing, ia afirtue of 
the reaction: 

Br -I- Ag —► Ag+Br-, 

an electromotive force which we believe corresponds to the main jlr poative 
photo-potential measured. The bromine diffusion experiment cdUfijnia 
belief. Further, the presence of halogen acceptors, such as acetdheamiuoar- 
bazone, sodium nitrite, sulfite, etc., should interfere with the |pniMlu0tion 
of the positive potential. This, too, has been confiirmed by experuppilt. 




PHOTO-VOLTAIC CELLS WITH SILVER BROMIDE ELECTRODES 3S3 

Fig. 16 shows diagrammatically the processes taking place at the illumi¬ 
nated electrode. 

In view of the fact that after a two minute exposure to the light, the 
silver bromide layer on the electrode is already gray in color, apparently due 
to the silver formed, certain consequences appear definite. Bromine must 
be released, and first a negative electrification of the silver electrode, then a 
positive one occurs, in light. The fall of the potential, which occurs after 
exposure had ended, is such that the time required to fall to a fraction of the 
steady positive value is a linear function of the thickness of the silver bromide 
layer, or the velocity of fall is an inverse function of the thickness. This 
agrees with the potential being due to the bromine attacking the silver elec¬ 
trode. We have now taken up the study of the negativization process with 
an oscillograph and this will be reported in a second communication as well 
as the spectral relations. 


ELECTROMOTIVE PROCESSES | RECOMBINATION PROCESS 



I hv 
Fia. i6 

Summary 

Photo-voltaic cells consisting of silver:silver-bromide electrodes in solu¬ 
tions of potassium bromide have been studied. The p.d.-time curve obtained 
is the resultant of two effects, viz., an initial negative effect on which is super¬ 
imposed a positive effect. A hypothesis was developed explaining these in 
terms of the liberation of electrons and bromine atoms for bromide ions on 
absorption of light. In agreement with this it is shown that the positive 
effect can be suppressed, the negative effect made more pronounced, by addi¬ 
tion of bromine acceptors. The positive effect is shown to be similar to that 
produced by allowing bromine to diffuse through the AgBr layer to the silver. 

BoeAester, N. Y. 

Kodak Research Laboratoriee, 

July le, im. 




AN EQUATION OF STATE FOR ETHYLENE GAS* 


BY LOUIS J. GILLESPIE 

In the present paper the equation of state of Beattie and Bridgeman^ is 
utilized to smooth and to correlate, as far as is possible, the pressure-volume* 
temperature data for ethylene gas. The available data are those of Amagat^ 
which extend over a large range of pressure and temperature into the liquid 
phase; the 24.95® isotherm of Masson and Dolley,® and about four points on 
each of four isotherms by Mathias, Crommelin and Watts.^ Data on the 
normal volume of ethylene at o® and i atmosphere are collected and reviewed 
by Blanchard and Pickering.*^ 

No equation of state has apparently been presented for ethylene, with the 
exception of virial pv expansions. Aside from the general usefulness of 
equations of state, especially for gases of considerable chemical activity, an 
equation for ethylene is especially desirable in view of the work on mixtures 
of ethylene and argon by Masson and Dolley, which have permitted the cal¬ 
culation of partial molal free energies of the constituents of these binary 
mixtures.® The present work was in fact undertaken with a view toward a 
more complete thermodynamic investigation of these data than has been 
hitherto possible. 

Interpolation of the Isothennals 

For each temperature the pv products of Amagat were graphically 
smoothed as a function of the density, using an appropriate deviation function 
and large scale coordinate paper, and values of the pressure were interpolated 
for even values of the density in moles per liter (0.5, i.o, 1.5, etc.). The 
transfer from Amagat units of density to moles per liter was effected through 
the normal density given by Batuecas’ and chosen by Blanchard and Picker¬ 
ing,® namely 1.2604 grams per liter. 

By a similar procedure, the data of Masson and Dolley and of the Leiden 
laboratory were interpolated to the same even density values, thus per¬ 
mitting a comparison of data. In the former case the transfer of density 
units required a knowledge of the ratio of the volume at 24.95® to that at o®, 
both volumes at i atmosphere. From Amagat's data this ratio, F26/F0, was 
calculated to be 1.0936, from Masson and Dolley^s data, 1.0932. The mean 

* Contribution from the Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology, No. 216. 

1 J. A. Beattie and Oscar C. Bridgeman: J. Am. Chem. Soc., 49, 1665 (1927). 

* Ann. Chun. Phys., (6) 29 , 68 (1893). 

»Proc. Roy. Soc., 103 A, 524 (1923). 

* Cinqui^me Congr^ In^mational du Froid, Rome: Premiere commission interna- 
tionale de I’lnstitut Internationale du Froid, Rapports et Communications. Ldden, 1928. 

« Sci. Paper U. S. Bureau of Standards, No. 529 (1926). 

«Gibson and Sosnick: J. Am. Chem. Soc., 49 , 2172 (1927). 

^ J. Chim. phys., 16 , 322 (1918). 
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value 1.0934 was chosen. At a subsequent period it was found that the 
higher ratio was yielded by the equation of state finally derived, but it was 
found that the effect of the difference, 0.0002, was practically negligible in 
all relations under consideration. 

It was observed in this isothermal interpolation that the pv data at 24.95® 
do not approach RT Sit low pressures in a perfectly smooth way around 1 
atmosphere. The data are smoother at all higher pressures. These data 
were already smoothed once before publication,® but probably without the 
aid of a value of RT, which in fact could not be obtained without knowledge 



i>oint8 due to Aminat (circles), Masson and DoUey (square), and Mathias, ('rornmelin and 
Watts (crosses). The plot shows the value of the deviation.—p — 34 — 0.275 ^ ^ 

function of the temperature Centigrade. The line is furnisned by the equation of state 
finally selected. The circles centered on this line are drawn with radii equal to 0.5of 
the calculated pressures. 

of the ratio Vu/W, A like situation obtained with reference to the lioiden 
isotherms; no way being discovered of smoothing these together with RT 
values without assuming in this case rather large experimental errors. 

The interpolated values of the pressures, which are hereafter described 
as the observed pressures, were now grouped as isometrics for the next step. 

Representation of the Isometrics 

For each density, the pressure was plotted as a function of the absolute 
temperature. Fig. i shows a typical plot, that for 2.5 moles per liter. The 
line, shown for comparison only, was calculated from the final equation. It 

* Bee Fig. 2, ref. No. 3, where irregularities in the original data are obviously not en¬ 
tirely removed in the smoothing. 
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is clear that the results of Masson and Dolley, of the Leiden Laboratory, and 
of Amagat differ too much to permit utilisation of all data in the final smooth¬ 
ing. Only the Amagat data are extensive enough to determine an equation 
of state; such an equation must be based on Amagat’s data alone. It is also 
clear from the line drawn that the equation does not include a certain trend 
in the Amagat data. This trend, evidenced by an inflection of the isometrics, 
suggests at first a discordance between the high temperature (137“, 198.5“) 
and the low temperature (0-100“) data. Exclusion of the high temperature 
data would however leave d*p/dt* positive, whereas this is as a rule negative 
(above the critical volume)*. It seemed best therefore to include all tempera¬ 
tures and to assume such a curvature of the isometrics as would keep them 
within about 0.5 percent of the measured pressures. Following the pro¬ 
cedure of Beattie and Bridgeman'* a value of c was found which would secure 
this, at least from a density of zero to about 7 moles per liter, with some 
difficulty as regards the highest temperature-pressure comer of the field. 
The other constants of their equation were then determined as described by 
them. 

The constants so determined are given in Table I. 


Table I 

Constants in Beattie-Bridgeman Equation of State for Ethylene. 

R Ao a B„ b c Mol. Wt. 

0.08206 6.152 0.04964 0.12156 0.03597 22.6810^ 28.031 


The equation is p = 
Where A = 
B = 


c 

V 


p 

T 


RT(i - «).(v -I- B)/v* - A/v* 

Ao (i — a/v) 

Bo (i - b/v) 
c/vT» 

volume in liters of a mole 
pressure in international atmospheres 

273-13 + 


The agreement of the equation with the observed pressures of Amagat is 
exhibited in Table II, which lists the observed pressures and the deviation 
Ap (observed minus calculated pressure) in atmospheres. The average 
deviation (taken without regard to sign) over the entire range considered is 
0.45 per cent. This range goes to a density 8 mols per liter, slightly higher 
than the critical density. The agreement is fair. The equation holds very 
well indeed up to 7 mols per liter, the average deviation being 0.36 per cent. 

Table III shows the magnitude of the disagreement, already noted by 
Masson and Dolley, between their results and those of Amagat. There is 
agreement only at low denaties. It is however precisely at such low densi- 

• Onnes and Keesom: Encyldop&die der mathematischen Wissenschaften. Art. V lo, 
page 756 (1912); also Communication's from the Phys. Lab. Univ. of Leiden, 11, Supple* 
ment 23, p. 142, Leiden (1912). 

Proc. Am. Acad. Arts Sci., 63 , 229 (1928). 



Table II 

Comparison of Observed Pressures of Amagat with Those calculated for the Equation of State 
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ties (i.i to 2.3) that the Leiden data differ, and at all temperatures, from the 
equation, as is shown in Table lY, for which the unsmoothed Leiden data 
were utilized. The data deviate more strongly than those of Masson and 
Dolley and in the opposite direction. If the percentage deviation is plotted 
as a function of the density, it is found not to approach zero asymptotically 
at zero pressure. This is not attributable to a defect in the equation. Even 
though the purity of Amagat’s ethylene was not so great as it is now possible 
to obtain, the fact is important that the equation furnishes numbers, smooth 
in two dimensions, which must be considered to approach correctness, in 
smooth fashion, as the pressure approaches zero. 

There exist relations in which the disagreement between Masson and 
Dolley and Amagat, which reaches 4.6% up to a density of 8, is not so im¬ 
portant as might appear from Table III alone. Compare the discrepancy of 
3% at a density of 4.5 with the error of 85%, which is the percentage deviation 
of the perfect gas law from the observed value. At a density of 6, the perfect 
gas law is in error by 122%. 

Table III 

Comparison of Calculated and Observed (Masson and Dolley) Isotherms at 

24 - 95 ° 


Density 

p calc. 

. ^ obs. — calc 

Ap. % = ICO 

Ap, % Density 

p calc. 

A p, % 

— 

I 

— 0.02 

7 

66.7 

4.6 

0-5 

II .41 

— 0.2 

7.5 

68.7 

4.2 

1 

21.25 

+0 

8 

71.2 

3.1 

i-S 

29.66 

+0.3 

8.5 

74.1 

1.6 

2 

36.77 

0.6 

9 

77.8 

~ 0.3 

2-5 

42.71 

1.0 

9.5 

82.4 

~ 2.5 

3 

47 63 

i-S 

10 

87.9 

- 4.7 

35 

51-7 

1-9 

10 .5 

94-7 

~ 6.9 

4 

54-9 

2.7 

11 

102.8 

- 8.7 

4.5 

57-6 

31 

II .5 

112.3 

— lO.O 

5 

59-8 

3-7 

12 

123.5 

— 10.7 

5 -S 

61.7 

4.0 

12.5 

136.6 

-10.5 

6 

63 -3 

4.6 

13 

151.6 

- 9.0 

6-5 65.0 4.6 

Table IV 

Percentage deviations between Leiden experimental 

values .and the values 


calculated. The calculated pressure is always greater. 
Temp./Serial order 

-i. 36 ‘’C 

-f O. lO* 

10.17® 

20.18® 

Density at 20.18® 


1 

2 

3 

4 

1*3 

1-4 

1.6 

2.0 

0.9 

1.0 

1.2 

i-S 

I. I 

I.O 

1-3 

1.6 

1.0 

1.0 

1.2 

1-4 

I. 1414 

1-3356 

1.6474 

2.2644 


1.8 
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Calculation of the Nonnal Density 

The equation does not necessarily furnish upon calculation the same value 
of the density at o® and i atmosphere as that which was used to obtain it, 
but may give a better value. 

Table V shows the summary of Blanchard and Pickering (5) with the 
addition of the value calculated from the equation. 

Table V 

Normal Density of Ethylene, in grams per liter 

Source Density Source Density 

Leduc 1.2605 Batuecas i. 2604 

Stahrfoss 1.2610 Equation i • 2 599 

Blanchard and Pickering selected the value of Batuecas. This selection is 
supported by the value here found. 

Calculation of Critical Data 

In the isothermal smoothing of the pv values under the critical tempera¬ 
ture it was noticed that the calculated pressures became almost a zero func¬ 
tion of the density and indeed, without great care in the smoothing, the 
pressures actually decreased with increasing density. When the equation 
was derived it was thought interesting to see whether it would exhibit this 
trend. It was found that the equation gave a 7.5° isotherm with an inflec¬ 
tion at about 7 moles per liter. By a succession of trials it was found that an 
inflection occurred at as high a temperature as 8.5°, but not at 8.55°, when 
the pressures were calculated with a precision of 0.002^^. The critical tem¬ 
perature is therefore given by the equation as 8.5°, to the nearest 0.1°. 
Pickering" selects the value 9.7°,a ditference of 0.4^ ( on the absolute tempera¬ 
ture, which is of course the quantity calculated by the equation. Since this 
selection, Masson and Dolley (3) obtained 9.35°, the lowest recent experi¬ 
mental value. 

The critical pressure calculated is 49* 19 atmospheres against 50.9 selected 
by Pickering, a difference of 3 . 49 c* The critical density calculated is 6.4 
to 6.5, selected value 7.9 in moles per liter. Here the errors seem to accumu¬ 
late, making a positive disagreement. 

Equations which represent the measured pressures are not generally ex¬ 
pected to furnish correct critical constants (nor do those which are derived 
from critical constants represent the measured pressures), so that the success 
of the equation for ethylene in furnishing at least the critical temperature is 
surprising. The agreement may of course be accidental. 

" Sci. Papers, U. S. Bureau of Standards, No. 541 (1926). 
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Sommaiy 

The constants in the equation of state of Beattie and Bridgeman have 
been determined for ethylene gas from the data of Amagat. Using atmos¬ 
pheres, liters per mole, T = 273.13 -f t®C, R * 0.08206, they are Ac ® 6.152, 
a =» 0.04964, Bo = 0.12156, b = 0.03597, c •“ 22.68*10*. 

The representation of Amagat’s data is good up to a density of 7 moles 
per liter and fair to 8, slightly above the critical density; the average devia¬ 
tions being 0.36 and 0.45 per cent respectively. 

The equation does not represent closely the isotherm of Masson and Dol- 
ley, except at low pressures, in accordance with their statement that this iso¬ 
therm does not agree with interpolations from Amagat’s data. 

The critical temperature calculated from the equation agrees to 0.4% with 
that observed, the difference being 1.2“; the critical pressure calculated is 
3.4% in error. 

The normal density calculated from the equation, 1.2599, supports the 
value of Batuecas as against that of Stahrfoss, being lower than either. 



RAOULT^S LAW”* 


BY WILDER D. BANCROFT AND H. L. DAVIS 

Using a van^t Hoff cycle we can calculate the osmotic work done when we 
squeeze out of a solution one gram of the pure solvent by means of an ideal 
piston which is permeable to the solvent and impermeable to the solute. If 
we work with such a large mass of solution that we may ignore the change of 
concentration when one gram of solvent is removed reversibly, if the vapor 
of the solvent follows the gas law at that temperature, and if we can ignore 
the volume of one gram of liquid solvent relatively to the volume of one gram 
of solvent as vapor, we have 

PV, = In ^ or PV„ = RT In^ , I 

where P is the osmotic pressure, Vg is the volume of one gram of the solvent 
in the solution,* M2 is the gram-molecular weight of the solvent as vapor, 
Ps is the vapor pressure of the pure solvent, p'2 is the partial pressure of the 
solvent in the solution, and Vm is the volume of one gram-molecular weight 
(as occurring in the vapor) of the solvent in the solution. The first equation 
holds for the pressing out of one gram of the solvent and the second for the 
pressing out of one gram-molecular weight (as defined) of the solvent. The 
gram-molecular weight of the liquid solvent does not appear in the formula. 

If we squeeze out the amount of solvent in which one gram-molecular 
weight of the solute (in the solution and not as vapor) is contained, we get 
the equation as given by van’t Hoff 

PV, = —*RT In ^ , II 

ni p 2 

where N* = Gj/M2 and ni = Gi/Mi, G2 and Gi being the masses in grams 
of the two components in the solution, M2 being the gram-molecular weight 
of the solvent as vapor, and Mi the gram-molecular weight of the solute in 
the solution. The gram-molecular weight of the solute as vapor does not 
appear in the equation. Vi is the volume occupied in the solution by N gram- 
molecules (as defined) of the solvent. It is necessary to be as meticulously 
explicit as this because many physical chemists do not know just what the 
terms mean in the van’t Hoff formula. 

If we assume that PVi = RT, equation II becomes 

— = In Ill 

_ N, “p',’ 

*Thi« pi^r is port of the programme now being carried out at Cornell University under 
a grant to Frofeaaor Bancroit from the Heckscher Foundation for the Advancement of 
Reaeuch, eataUished by Aumst Heckscher at Comell University. 

* Bancroft and Davis: J. Phys. Chem., 32, i (1938). 
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which is, of course, true only within the limits for which the assumption holds. 
For very small values of ni we can write, with a loss of accuracy, 

Dl _ j 1__ P« ~ 

— U m P2 * - 

Ns P2 

An empirical study of his data led Raoult to write this last formula 

IV 

N 2 P2 

As a result of van^t Hoff’s theoretical deductions, Raoult made k — i. Since 
the resulting equation becomes an absurdity when ni = N2 because we must 
then have p'2 * o, the equation was changed empirically to read 

_ Hi ^ V 

N 2 + ni p2 ‘ 

For values of m negligible with respect to N2, Equations III and V are practic¬ 
ally identical. It is only for such conditions that we can substitute (p2 — p'2)/p2 
for ln(p2/pi) without introducing a serious error. 

Equation V has practically no theoretical basis when applied to any con¬ 
siderable range of concentrations, because it contains the two assumptions, 
contrary to fact, that PVi = RT and that ln(p2/p'2) — (p2 — p'2)/p2* It 
has not been shown by anybody that introducing ni into the denominator 
nullifies the effect of the two errors. Speyers' was one of the first people to 
try to substitute Equation V for Equation III. 

If we define an ideal solution, for the moment, as one in which each com¬ 
ponent has the same molecular weight in the liquid phase as in the vapor 
phase, and as one in which the two components mix in all proportions with¬ 
out change of volume and without any heat effect, we find empirically that 
the change of partial pressures over the whole range of concentrations can be 
expressed accurately by the equations 


Ni _ P* - p't N2 _ Pi - p'l 

Ni + N* p, Ni + N* p, 


VI 


where the Mi and M2 concealed in Ni and N2 refer to the gram-molecular 
weights of the two components respectively as vapors. 

Equation VI is called Raoult’s law by the California school,* following the 
lead of Speyers, because Equation V reduces to it for the case, and only for 
the case, that the molecular weight of the solute is the same in the liquid as 
in the vapor, in which case m = Ni. In fact Hildebrand puts the cart before 
the horse by saying, p. 59: “We may, therefore, follow G. N. Lewis in defining 
an ideal solution as one which obeys Raoult’s law 


pp Pi _ P 
po N + n 


‘ J. Am. Chem. Soc., 21, 725 (1899). 

* Cf. Hildebrand: “Solubility,” 24 (1924). 
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at all concentrations and pressures, a definition which has some important 
consequences. It follows from it, as Lewis has shown, that the formation 
of such a solution will take place from its component liquids without any heat 
of mixing and without any change in volume.^' 

It seems to us that the identity between Equation VI and the special 
case of Equation V is purely formal and not real. In Equation V, it is certain 
that one molecular weight refers to one substance in solution and the 
other molecular weight to the other substance as vapor. We believe, and 
expect to show in this paper, that the molecular weights for both components 
in Equation VI refer to the vapor phase and not to the solution phase. Of 
course this makes no difference in the ideal case, where there is no polymeriza¬ 
tion in the liquid phase. The difference between tweedledum and tweedledee 
becomes very important when one wishes to include other binary systems. 
Hildebrand did not have any very striking success in discussing non-ideal 
solutions on the assumption that what he calls Raoult’s law has to do with 
molecular weights in solution. (Consequently, it will be wise to find out what 
can be done on the assumption that both the molecular weights in Equation 
VI refer theoretically to the vapor phase. 

By doing algebraic transformations we can change Equation VI into 


Ni + N2 _ P2 
N2 ~ p'2 


and into 


— P2 ““ P 2 _ ^^2 

N2 “ p'2 "^GVMi 


VII 


Table I 

Ethyl Alcohol and Water at 25° 



0.61 log 

Gwatcr 

- log 

Pw - P'w 
P'w 

= log Ki = 

0.6670 



0-55 log 

G water 
(^.Ic 

- log 

Pa - p'a 
P A 

= log Ka = 

0.0030 


Gram % alco¬ 
hol in liquid 

log Ki 
c&lr. 


p' water 
found calc. 

log K* 
calc. 

p' alcohol 
found calc. 




mm 

mm 


mm 

mm 

0 



23 -73 

23 - 75 * 


0.0 

0.0*^ 

12.36 

0.8030 


22.67 

22.39 

£.8034 

10.50 

15.1 

20.51 

0.6847 


21.78 

21.70 

1.9185 

16.66 

19.07 

28.40 

0.6653 


21.15 

21.13 

0.0035 

22.27 

22,26 

33‘90 

0.6697 


20.79 

20.77 

0.0028 

24.90 

24.25 

3932 

0.6636 


20.36 

20.38 

0.0260 

26.85 

27.3 

50.46 

0.6791 


19,60 

19 -50 

0.0048 

30-73 

30.68 

56.50 

0.6724 


19.01 

18.95 

0.0160 

32.16 

31-73 

71.09 

0.6678 


17-31 

17.30 

1.9948 

36.64 

36.89 

78.07 

0.6663 


16.18 

16.19 

0.0037 

39-53 

39-51 

90.12 

0.4979 


10.68 

12.98 

0.0829 

47.40 

45 - 50 

100. 



0.0 

0.0* 


59.01 

59.01 


*Theae values have no significance because they are given by every equation of this type, 
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In Equation VII each side of the equation varies from zero to infinity as we 
change from Gj = o to Gs = o. We can tell whether this equation holds by 
plotting the data on logarithmic co-ordinates and seeing whether we get a 
straight line. Since Mj/Mi is a constant when the vapor of each liquid follows 
the gas law and when the mixtures follow Dalton’s law, it is immaterial 
whether we plot the concentrations in grams or in molecular weights. 

We have found empirically that a number of systems can be represented 
with an unexpected degree of accuracy by the modified equation 

a log ^ = log + log K, VIII 

^2 P 2 

In Table I are the data by Dobson^ for ethyl alcohol and water. 

The data for the partial pressures of water agree with the calculated values 
within the experimental error through 78% alcohol. There is quite a dis¬ 
crepancy between the calculated and found values for ninety percent alcohol. 
Special experiments will have to be made to discover the cause of the dis¬ 
crepancy. In any event the equation describes the facts at least up to a mol 
fraction of 0.6, which is a long way beyond the orthodox limit of tenth-normal. 
The partial pressures of alcohol agree very well except for the two dilute 
solutions and for the most concentrated solution. In view of the good agree¬ 
ment for water vapor in the two dilute solutions, it is possible that the dis¬ 
crepancy with the alcohol pressures for these two solutions may be due to 
experimental error. 

Table II 

Methyl Alcohol and Water at 30.90® 

Pi = partial pressure and Ni = number of mols of alcohol 
P2 = partial pressure and N2 = number of mols of water 

0.9 log ^ - log = log Ki = 0.100 

0.95 log ^ - log — ^ = log Ka = 0.0030 

« ^2 p 2 


Mol percent alco¬ 

found 

p' alcohol 

calc. 

p' water 

found 

calc. 

hol in liquid 

mm 

mm 

mm 

mm 

0 

5 

0.0 

20.2 

21.3 

550 

52.8 

52.7 

10 

. 39.8 

38.7 

50-7 

SO. 7 

20 

74-4 

69.2 

45-1 

46.5 

30 

lOI. I 

96.4 

41.9 

42.2 

40 

122.8 

121.5 

37-7 

40.3 

50 

X 43-7 

145-I 

32.8 

32.8 

60 

165-3 

167.9 

27-5 

27.4 

70 

188.0 

190.1 

21.0 

21.7 

80 

210.4 

212.1 

14.8 

> 

12.1 

90 

235-0 

234.7 

7.8 

6.7 

100 

260.5 


0.0 



^ J. Chem. Soc., 27 , 2866 (1925). 
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In Table II are given the data by Ferguson and FunnelP for methyl alcohol 
and water. The equations fit the data very well over the whole range with 
the exception of the alcohol values for the twenty and thirty molecular per¬ 
cents alcohol solutions. When plotted on logarithmic co-ordinates, the values 
for these two concentrations lie well off the curve. Professor Ferguson says 
that the curve does have a hump in it over this range. It remains to be seen 
to what this is due. The value for the pressure of water vapor in equilibrium 
with forty molecular percent of alcohol is also not what it should be; but this 
might well be experimental error, though Professor Ferguson does not con¬ 
cede this. 

Some preliminary data by Morton^ for methyl alcohol and acetone, 
Table III, came out pretty well except for the most dilute solutions, where 
the formula exaggerates any experimental error very much. Similar data by 
Morton for water and acetone gave moderately good results for the partial 
pressures of acetone; but the corresponding figures for water vapor were not 
satisfactory enough to be worth giving. As a matter of fact the logarithmic 
data in Table IV could be represented better by a curve than by a straight 
line. It is probable, however, that more accurate data will give a really good 
straight line. 

We had hoped to use the data of Wrewsky^ on ethyl alcohol and water; 
but inspection shows that they are too inaccurate to be of any real value. 
At 39.76® for percentage concentrations of ethyl alcohol of 15.92, 18.25, 
30,25, 31.88, 36,42, 42.0, 43-75, and 47.54, Wrewsky found 44.3, 44.6, 45.95, 
45,5, 45.4, 44.7, 49.3, 44.8, and 43.8 respectively for the partial pressures of 
water vapor expressed in millimeters. This is quite impossible, since alcohol 
and water do not form two liquid layers at this or any other temperature. 

In Tables V and VI are given the data by Sameshirna^ for acetone and 
ethyl ether at 30° and at 20°. The calculated values for acetone in ether do 
not agree any too well with the experimental values and there is the painful 
possibility that the logarithmic graph is really a fiat curve which has been 
made to fit fairly well by a judicious placing of the straight line. The values 
for the partial pressures of acetone, however, are a joy to the soul. At each 
of the two temperatures the equation represents the facts with considerable 
accuracy over the whole range of concentrations. 

Since methyl alcohol, ethyl alcohol, and water are highly associated liquids 
with normal vapors, the fact that Equation VUI appears to hold very well 
for these liquids and also for acetone, which is a slightly associated liquid 
shows that it is not the molecular weight in the liquid phase that counts. 
Any polymerization in the liquid phase will show in the exponent. If the 
exponent is unity and if K = Mi/Mb, Equation VIII reduces to Equation VI, 
the so-called Raoult law. All ideal binary solutions therefore form a special 
case under Equation VIII, and we have at least made a start towards a 

^ J. Phys. Chem., 33 , i (1929). 

* J. Phys. Chem., 33 , 384 (1929)* 

* Z. physik. Chem., 81 , 1 (191^)* 

* J. Am. Chem. Soc., 40 ,1482 (1918). 
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Table III 

Methyl Alcohol and Acetone at 20° 


0.83 log - log ^ - log Ki - 0.14 

'JA« P Ae 



0.62 log 

tlAlo 

- log 

PaIc P^Alo 

P'aic 

= log K2 = 

0.03 




founj* 

acetone 


P' 

alcohol 

% acetone 

logK, 

calc. 

logK, 

found 

calc. 

in liquid 

calc. 

mm 

mm 

calc. 

mm 

mm 

0.0 


0 



96.0 


10,0 

0.0710 

28.6 

32.7 

0.1834 

82.2 

7 S -7 

24.2 

0.1235 

57-0 

62.5 

0.0642 

67 s 

65.8 

30.0 

0.1361 

72.4 

73-8 

0.0188 

61.8 

62.4 

40.0 

0.1419 

89.2 

88.8 

0.0407 

56.2 

55-6 

49.8 

0.1416 

103.8 

103.6 

0.0449 

50.5 

49-9 

60.0 

0.1475 

I18.8 

118.1 

0.0384 

44.1 

43-6 

70.1 

0.1337 

131-6 

132.1 

0.0558 

38.2 

36.8 

80.1 

0.1118 

144.2 

146.0 

0.0162 

29-3 

29.9 

90.1 

0.1625 

161.4 

160.6 

I.9698 

17.6 

20.6 

100.0 


179.2 



0 



Table IV 

Water and Acetone at 20° 


0.9 log 

Gw 

Gac 

log ^ 

P Ac 

= log K, 

= 0.39 

calc. 

mm 

% acetone 
in liquid 


logKi 

calc. 

found 

mm 

0 





10.3 


0.3210 

41.2 

46.5 

20.0 


0.3811 

73-2 

74.1 

29-3 


0.4102 

9 SS 

95 .4 

39-0 


0.4274 

115.8 

113.8 

58.3 


0.3954 

138.1 

137.7 

79.6 


0.2245 

152.5 

i6o. I 

100. 



179.2 



general equation which shall be valid for all concentrations of all pairs of 
liquids. We have got away from the tyranny of dilute solutions, without 
making use of the activity concept. 

It is not claimed or believed that Equation VIII will represent the data 
with absolute accuracy over the whole range of concentrations for all pairs 
of consolute liquids which are not electrol}rtes in the usual sense of the term; 
but it is hoped that Equation VIII will do this for some solutions in addition 
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Table V 

Acetone and Ether at 30° 



0.9 log ^ 

- log , P'®* = 

P Et 

= log Ki = 0.147 




0.88 log 

Nm 

Nac 

- log 

Pac P Ac 

P'a^ 

= log K2 = 0.17 



Mol % 



p' Ether 


p' Acetone 

acetone 

logK, 


found 

calc. 

log K2 

found 

calc. 

in liquid 

calc. 


mm 

mm 

calc. 

mm 

mm 

0.0 



646.0 



0.0 

— 

3.867 

0.4149 


632 -5 

621.5 

0.1601 

21.8 

22.3 

13-27 

0.1458 


570.8 

571 0 

0.2029 

66.2 

62.4 

25 09 

0.T47O 


510.2 

510.1 

0.2011 

106.7 

102 0 

34-54 

0. II3I 


464.6 

466.6 

0.1772 

132.4 

131.2 

49-58 

0. 1789 


390.3 

378 .9 

0.167s 

J67-5 

167.9 

65.07 

0 . I 883 


301.5 

287.3 

0-1556 

201.2 

203.2 

70-47 

O.I77I 


266.0 

255 -9 

0.1663 

213-7 

214 0 

83.81 

0.1883 


166.5 

156.4 

0.1593 

243-1 

243 8 

93-37 

0.1254 


71.0 

74.2 

0. 2224 

266.8 

265.0 

95-28 

0.1457 


55-3 

55.5 

0 2048 

270.6 

269.4 

97-99 

0.0419 


20.8 

26.4 

0.1712 

276.6 

276 6 

100.00 



0.0 

Table VI 


282.7 




Acetone and Ether at 20° 




0.9 log 

Nao 

Nei 

- log 

PEt ““ P^Et 
P^Et 

= log Ki = 0.17 




0 

bo 

00 

Nei 

n;:; 

- log 

Pa<- — p'ac 

t 

= log Kn = 0.20 



P A<* 




Mol % 



p' Ether 


p' Acetone 

acetone 

log K, 


found 

calc. 

log K2 

found 

calc. 

in liquid 

calc. 


mm 

mm 

calc. 

mm 

mm 

0.0 



443 • 5 



0.0 


5-2 

0. 1629 


422.2 

422.6 

0.1828 

19.6 

20.3 

12.71 

0. 1487 


394.1 

396.2 

0.2012 

41 8 

41-7 

24.90 

0.1599 


350.5 

352-2 

0.1916 

70.2 

71.0 

45 70 

0.1738 


281.8 

280.8 

0.1706 

105,2 

106.8 

61.21 

0.1888 


224.4 

219.6 

0.1623 

126.8 

127.5 

66.62 

0.1800 


198.8 

196.3 

0.1677 

135-2 

137-9 

84.16 

0.1769 


111. 1 

109.8 

0.1544 

160.5 

162.6 

88.83 

0. i6n 


79-7 

82.6 

0.1946 

167.9 

168.1 

93 17 

0.1084 


48.3 

54.7 

0.2137 

174.5 

174.2 

93-58 

0.1139 


46.3 

51.9 

0.2103 

1750 

174.8 

97-90 

0.0577 


15-4 

19.7 

0.2032 

181.4 

181.3 

99-59 

0.0472 


1.8 

4.7 

0.1244 

184.1 

184.3 

100.00 



0.0 



185 2 
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to the ideal solutions. It is hoped that Equation VIII is the one which binary 
solutions of consolute liquids should follow and that we can evaluate the dis¬ 
turbing factors best by studying the variations from the normal curve which 
they produce. The hump in Mr. Ferguson’s curve for acetone and methyl 
alcohol may be genuine, as he believes; but it was the application of Elquation 
VIII that brought out clearly the fact that there is a hump in the curve which 
must either be eliminated or accounted for. 

In so far as Equation VIII holds for two pairs of consolute liquids having 
one liquid in common, we can predict the distribution ratio for the common 
liquid in case the other two liquids can be kept immiscible in some way. For 
the two pairs of liquids Equation VIII becomes 

ailogpi-logHL^* = logK. 

^2 P 2 

*3 log ^ - log ~ P - log K,. 

2 P 2 

The two pairs of liquids will be in equilibrium with respect to the second 
liquid—denoted by G2 and G'2—^when the partial pressure of this liquid is 
the same for each liquid phase, in other words when 

ai log ^ - a8 log^ = logCKi/Ka) 

Rearranging this, we have 

aslog G'2 - ajog G2 = logCKiKj/) - adog Gi + as log Gs 

Dividing both sides by as and keeping Gi and Gs constant, the whole right 
side of the equation becomes a constant and we have, if we clear of logarithms 
and call ai/as — n 

G's/Gs" = const. IX 

Equation IX is Henry’s law expressed in mass concentrations instead of in 
the volume concentrations which unfortunately are usually used. It is thus 
evident that the exponents in Equation VII are some measure of the poly¬ 
merizations, becoming unity when the pol)anerizations are zero, as with ideal 
solutions. The value of log K depends on the units employed and on the 
solubilities. 

In Equation VIII we may of course write k* = K, in which case we have 

Gi* _ P2 - p'j 

k‘G2‘ “ p'2 

We can make ki* disappear either by writing S = Gi/k or S = kGs. It 
will be more general to eliminate k* by changing both numerator and de¬ 
nominator. If St and S2 are values of the masses so adjusted that k* disap¬ 
pears, we have 

- PlZ-Pj. TY 

a a / 

02 p 2 • 
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By a simple transformation this becomes 

Si" + S2" _ P2 

S2" p'2 

which is probably the form that will be used when, and if, it comes to a 
thermodynamical deduction because RTln p/p' is the work term when 
the pressure of an ideal gas varies reversibly between those two limits. 

Water and methyl alcohol pass slowly through a rubber membrane while 
acetone passes through rapidly. By using a rubber diaphragm and working 
rapidly, it should therefore be possible to determine the distribution of 
acetone between water and methyl alcohol considered as immiscible liquids. 
This has been done in the Cornell laboratory by Morton.’ The exponents 
from Tables III and IV are 0.83 and 0.9. For the ratio we have 0.9/0.83 = 
1.08, while the directly determined exponent was 1.09, as good an agreement 
as one can ask until we learn to measure vapor compositions more accurately 
than has yet been done. An attempt to do this is now being made at Cornell; 
but the question of the validity and the limitations of Equation VIII is so 
important that we hope that many other laboratories will contribute their 
share to the work. 

We are especially interested in Equations VIII and IX because they tie 
in with the work on three-component systems begun by one of us^ and carried 
through with accuracy by Lincoln* for ethyl alcohol, benzene, and water. 

The general results of this paper are as follows: 

1. When the so-called Ilaoult equation is applied to concentrated solu¬ 
tions, the molecular weights are theoretically those of the two components in 
the vapor state. In the equation actually used by Raoult there comes in the 
molecular weight of one of the components in the liquid phase. The error 
has not been recognized, because, in ideal solutions, the molecular weights in 
the liquid and in the vapor are supposed to be the same. 

2. Owing to the failure to recognize the real meaning of the so-called 


Raoult equation, 


N, 


P2 — p 2 


, most of the work dealing with varia- 


Ni + Ns P2 

tions from this equation will probably have to be revised. 

3. It has been found experimentally that the equation ~ ^ 


describes the facts with unexpected accuracy over a wide range of concentra¬ 
tions for several pairs of liquids even when both components are associated 
liquids. 

4. When the exponent is unity and K = M1/M2, the new equation re¬ 
duces to the so-called Raoult law. Consequently, the behavior of all ideal 
solutions is covered as a special case under the new equation. 


^ J. Phys. Chem., 33, 384 (1929). 

* Bancroft: Phys. Rev., 3, 21, 114, 193 (1895). 

* J. Phys. Chem., 4, 161 (1900); 8, 248 (1904). 
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5. Id the new equation the exponent, a, is some measure of the relative 
polymerization and is independent of the units, while the constant, K, de¬ 
pends on the units used, the molecular weights in the vapor phase, the solubil¬ 
ity, and perhaps on other factors. 

6. The data for ethyl alcohol and water obtained by Dobson in Masson’s 
laboratory, have been calculated up to a mol fraction of 0.6 for alcohol with¬ 
out having recourse to variations from the gas laws or to the activity concept. 

7. From the new equation it is possible to calculate the equation of the 
distribution of one liquid between two other liquids, each consolute with the 
first, provided these other two liquids are kept immiscible. This has been 
realized experimentally by Morton in the Cornell laboratory for acetone, 
methyl alcohol, and water, using a rubber diaphragm to keep the methyl 
alcohol and water from mixing. 

8. Henry’s law and Nemst’s distribution law should be expressed in mass 
concentrations and not in volume concentrations, as is usually the case. 

9. Many experiments by many laboratories are needed in order to deter¬ 
mine the validity and limitations of the new equation. 

10. The new equation ties in with the work done at Harvard and Cornell 
many years ago on dineric equilibria in systems consisting of two non-miscible 
liquids and a third liquid consolute with each of the others. 

Cornell University. 



THE FORMATION OF THIN FILMS OF ORGANIC COLLOIDS 
ON MERCURY SURFACES* 

BY R. L. KEENAN** 

Introduction 

The investigation described forms parts of a series of studies on mole¬ 
cular orientation in relation to colloid structure which are being carried out 
in these laboratories. One object is to develop quantitatively a hypothesis 
proposed by S. E. Sheppard* concerning so-called emulsoid colloids, also 
termed “high molecular” substances. A preliminary note on the present work 
was communicated to Nature.'^ 


LARGE BLOTTER COVER 



Fk;. I 

Studies of “high molecular” bodies, such as cellulose, rubber, and proteins, 
have been made from various angles, i.e., viscosity, X-ray crystal structure, 
molecular weight, polarized light, and chemical reactions. Each of these methods 
has given interesting pictures of these supirosed large molecules. There is, how¬ 
ever, one property of materials which has given extraordinarily vivid pictures 
of the sizes and shapes of many long chain compounds, such as the fatty acids 
and their esters. It was thought that this property, the spreading of materials 
on liquid surfaces, might be of use in the study of organic colloids. 

Langmuir* showed that when films of fatty acids were extended to their 
limit, the molecules were oriented so that their carboxyl groups were in the 
water and the hydrocarbon group extended up from the surface. Knowing 
the weight of material, its density, and the area it covers, the thickness of the 
films, or in other words, one dimension of the molecule, could be determined. 

* Read at the Swampsc-ott meeting of the Am. Chem. Soc. Colloid Division, Sept., 1928. 

** Communication No. 363 from the Kodak Research Laboratories. 

* The Nature of the Emulsoid Colloid State, Nature, 107 , 73 (1921). 

' S. £. Sheppard and R. L. Keenan: Nature, 1928 ,982. 

’Langmuir: J. Am. Chem. Soc., 39 , 1869 (1917). 
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If solutions of these polymers could be spread on a suitable support, there 
tras a possibility of measuring at least one dimension of the molecule. 

Previous Work 

Dewhurst^ wishing to obtain as thin a film as possible for his rapid 
bolometer was successful in getting collodion films from ether-alcohol solu¬ 
tions by allowing them to spread on a clean mercury surface. These films 
were many molecules thick and useless for our purpose. 




ceouNO 

POINT Fig- 4 


Fra. 3 
Dropper 

Barton and Hunt* obtained colloidal films lo to 20 A.U. thick by allowing 
amyl-acetate solutions to spread on a clean water surface. 

Fischer* spread certain oils on mercury and determined their t.ViiolrTiaamn 
by the volume-area method. The outline of the film was determined by 
breathing upon the mercury surface. His results were in agreement with 
Langmuir’s and Adam’s. 

Walcott* sgread collodion, gelatin, and other such films on mercury for 
the purpose of studying phase shifts of light by reflection. His filmn were 
relatively thick. 

Taylor* was successful in making celluloid films on mercury from 30 to 700 
A.U. thick for a vacuum-tight membrane. Celluloid spread on water did not 
give vacuum-tight membranes which was possibly due to an orientation effect. 
This effect was more or less absent when the celluloid was spread on mercury. 

* Dewhurst: ftoo. Phys. Soc., 39, 39 (1926). , 

* Barton and Hunt: Nature, 114, 361 (1924). 

' Fischer: Ann. der Physik, 68,414 (1899). 

I Wallbott: Ann. Physuc, 68,496 (1899). 

‘ Taylor: J. Sd. Instr., 3, 400 (1926). 
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Preliminaiy Work 

Observations on the behavior of these films on water indicated that water 
was not the ideal substance on which to do the work. Many of the best sol¬ 
vents for cellulose esters are soluble in water or are denser than water and tend 



Fig. 5 



Fig. 6 


to drag the cellulose esters below the surface. Consequently mercury was 
chosen. For some time, however, it appeared to be equally unsatisfactory. 

Purification of the Mercury 

The mercury was electrolyzed for three days by making it a cathode in a 
weak nitric acid solution. It was washed free from acid, dried, and distilled 
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three times in a vacuum, then placed in a photographic tray and covered with 
a thick film of cellulose acetate which was scraped off after some hours. It 
was found that the mercury improved steadily for several weeks after fresh 
films were coated on it and scraped off. At first, the films could not be formed 
by spreading but, as the surface became purer, spreading was finally accom¬ 
plished. A thin film was always left on the surface when not in use. Thus a 
clean surface could easily he obtained by the scraping procedure. 



Materials 

The cellulose nitrates and acetates in the best state of purity were obtained 
in these laboratories. Solutions were made from solvents prepared at the 
Synthetic Organic Chemicals Department of the Eastman Kodak Co. and 
were of their purest stock. 

The rubber was prepared by extracting pale crepe with acetone to remove 
resins, and then diffusing it through a silk bolting cloth bag into petroleum 
ether, according to Feuchter’s method. 

The iso-electric gelatin was prepared by Mr. Hudson of these laboratories. 

Description of the Apparatus 

The apparatus consisted of an enameled photographic tray 4 cm. deep, 
20 cm. wide, and 30 cm. long, which was placed in a bell jar fitted with a 
wooden cover to protect the mercury surface from air currents and to keep 
dust from settling on the mercur>" while standing over night (Fig. 4). 

A scraper of flexible steel (Fig. 2) was made to fit tightly into the photo¬ 
graphic tray by having strips of sheet cork at the ends. This scraper was 
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allowed to dip a short distance into the surface of the mercury, which made it 
po ssible to scrape all surface impurities to one end of the tray. 

The material was deposited on the mercury surface from a standardized 
dropper with a ground tip (Fig. 3). Only one drop of solution could be used 
for a given film. Drops falling after the first one do not touch the mercury 
surface but, instead, fall upon the solid film formed by the first drop, thereby 
preventing spreading. This was found to be true for those substances form¬ 
ing rigid (condensed) films. 



A planimeter was used to measure the area of the film of which an outline 
had been traced on a glass plate (Fig. i). The rigidity and irregularity of the 
film made direct area measurements impossible. 

Experimental Procedure 

A drop of solution containing a known amount of material was allowed to 
fall upon the scraped mercury. A film was obtained within a fraction of a 
second. The image of the film, developed with talc, was traced on a glass 
plate laid over the tray, and its area measured with a planimeter (Fig. 1). 
Several area measurements were made at each concentration (dilution). 
The dilutions were carried out to the point where the independent relation 
between thickness and dilution was well established. Solvent correction 
was made in each case where it was necessary. 

In order to standardize the technique for working on mercury, several of 
the fatty adds were spread on mercury and the results compared with those 
recorded in tiie literature. These may be seen in Table I. 
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Table I 


Compound 

Formula 

Solvent 

t.A.11. 

T.A.U. Observers 

Elaidic acid 
(isomer of 

CnHasCOOH 

ether 

12.2 

11.2 (oleic) 

Langmuir 

oleic) 

Stearic acid 

CnHssCOOH 

ether 

21.9 

21.8-25.0 

Langmuir 

Myristic ” 

CiaHsTCOOH 

acetone 

22.5 

21.1 

Adams 

N’-Capric " 

C,Hi,COOH 

ether 

13.6 




Discussion of Results 

Figs. 5 to lo show clearly that definite limit films of these bodies can be 
obtained on mercury. In the case of the cellulose esters and gelatin, an ir¬ 
regular, solid film was obtained (Fig.n). 

At first, one might think that a drop of 
solution should spread in a circular 
fashion on a clean surface, but this is 
not the case. 

When a drop of solution falls on mer¬ 
cury the surface forces cause spreading. 

The edge of the drop becomes thin, 
as it is forced out along the surface 
from the center, and the solvent evap¬ 
orates, leaving a solid film of cellulose 
ester surrounding an island of solution. 

The surface forces continue to be effect¬ 
ive, causing a squeezing out of more 
material from the center of the drop 
in order to reach its limit of spreading (monomolecular layer). To spread 
further, this solid film at the edge must break and let more solution out, 
pushing the thin solid rim to the side. 

This causes a very irregular-shaped film, characteristic of the rigid films 
of this type. 

Table II gives the comparative spreading and thickness relations between 
the cellulose esters at varying viscosities. The concentration i to 1600 was 
taken because all of the limit films could be noticed there as well as at higher 
dilutions and the i to 1600 concentration was more representative. The 
viscosities in column two are comparable in each series but not from one series 
to the next. 

In the case of the nitrates an inverse relation between thickness and vis¬ 
cosity was found (Fig. 10). 

A paper on ‘The Supermolecular State of Polymerized Substances in 
Relation to Thin Film and Interfaces''^ contains a theoretical discussion on 
these thin films, from which the following conclusions are extracted. 

^ Sheppard, Nietz, and Keenan: presented at the Symposium on Polymerization of the 
American Chemical Societv Meeting, Swampscott, Mass., Sept., 1928, to be published 
shortly on Ind. and Eng, Chemistry, 
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Table II 
Comparison Data 

Cellulose 


Acetate 

Viscosity 

Concen¬ 

Area 

Thickness 


Substance 

Centripoises 

tration 

sq. cm. 

X io“* cm. 

Remarks 

F-94-S0 

i960 

i~i6oo 

53 

9-85 

CHCU soluble 

C.P. 232 

19,000 

1-1600 

241 

4-43 

Tri-acetate 

0041A 

252,000 

1-1600 

230 

4.64 

Comb acetates 

4436 

4,400 

1-1600 

206 

5.20 

acetone soluble* 

956SD0 

4.71 

1-1600 

142 

4.01 

85%CHCl8 \ 

.5% Et.OH 

95651)1 

5-67 

1-1600 

146 

3 92 

9565 D« 

6.39 

1--1600 

135 

4. 16 

Hydrolyzed in 

9565D8 

7.29 

1-1600 

145 

3.81 

suspension* 

M.S. 122A2 

9.41 

1-1600 

• 

257 

4.12 

Di-acetates 

M.S. 122D 

0.65 

i-'i6oo 

273 

4.09 

Acetone soluble 

M.S. 122JS.8 

378 

1-1600 

262 

3 87 


Cellulose 

Nitrate 

T59 

Viscosity 

Seconds 

3025 

1-1600 

296 

2.80 


T 321 

0.20 

1-1600 

168 

5.00 


T65 

775 

1-1600 

202 

3-97 

Acetone soluble 

T64 

13-5 

1-1600 

186 

4.55 


T 322 

2.10 

1-1600 

170 

4.88 


♦Approaching the di-acetates on acetyl contact. 




These strikingly thin films seem to support the theory^ that the cel¬ 
lulose bodies are composed of ribbons or chains of CeHioOs groups of an 
indefinite length, and a thickness amounting to approximately 2.5 A.U. to 
4.5 A.U. 

The iso-electric gelatin spread from water solutions on mercury (Fig. 12) 
gave values in good accord with the values obtained by E. Gortner and F. 
GrendeP for protein films on water. 

The thinnest films obtained on mercury were those of rubber (Fig. 13). 
The thickness value (1.5 A.U,) may possibly represent the value for the 
methyl group in Staudinger’s isoprene chain. 

Recently, H. Devaux® has described his work on the formation of thin films 
of sugars, starch, and albumen on mercury. His values also show extraordi¬ 
narily thin films but his conclusions seem hardly necessary in view of the 
similarity between certain films formed on aqueous solutions and non- 
aqueous solutions. 

^ Sponsler and Dore: Fourth Colloid Symposium Monograph, 174-202 (1925). 

*E. Gortner and F. Grendel: Trans. Faraday Soc., 22, 477 (1926). 

»H. Devaux: J. Phys. Radium, 9 , 345 (1928). See also Sheppard and Keenan: Nature, 
June 23, 192S. 
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If these films cannot be considered as a measure of one dimension of the 
molecule, then we must believe that they are not continuous, but consist 
essentially of a network structure. Work bearing on this phase is being 
started and it is hoped that the porosity, if it exists, may be determined. 

Summaiy 

1. A technique has been developed for obtaining thin films of organic 
colloids on mercury. 

2. Several series of cellulose acetates, with varying viscosities and in¬ 
different solvents, were used. 

3. In the case of the cellulose nitrates, the limit film thickness varied 
in an inverse relation with the viscosity of the solutions. 

4. Films of rubber and iso-electric gelatin were formed on mercury. 

5. Films of the cellulose esters and gelatin were rigid, and condensed, 
while the rubber films were elastic. 

6. The limit thickness increased with increasing complexity of the atom 
groups, as:— 

Rubber Cellulose Gelatm 

(C, H) (C, H, 0 ) (C, H, 0 . N) 

1.5 A.U. 2.5. to 5.0 A.U. 7.0 A.U. 

Conclusion 

The results indicate that these films are composed of long chains or rib¬ 
bon-like molecules lying flat upon the surface or of an open-work structure 
somewhat like a fish net. 

The author wishes to express his appreciation for the valuable suggestions 
given by Dr. S. E. Sheppard and Dr. E. K. Carver of these laboratories. 



IS HYDROGEN PEROXIDE FORMED IN ELECTROLYTIC 
GAS BY ALPHA RAYS? 


BT BABNARD M. MARKS 

The combination of hydrogen and oxygen at ordinary temperature has 
been produced in a variety of ways. The two modes of activation of im¬ 
mediate interest to the following experiments are activation by resonated 
mercury atoms and ionization by alpha particles from radon. 

The first mode of activation has recently been used by Marshall* and by 
Bates and Taylor* who reported the formation of hydrogen peroxide by the 
use of resonated mercury atoms in mixtures of hydrogen and oxygen. They 
determined the amount of peroxide in their product by titration with per¬ 
manganate. The hydrogen peroxide, as well as the water formed in the re¬ 
action, were removed together by condensation in a trap surrounded by a 
carbon dioxide-ether bath. They found that the amount of hydrogen peroxide 
produced was a function of the rate of flow as well as the ratio of oxygen to 
hydrogen. 

The second method of activation was used in 1914 by O. Scheuer* who 
reported some extensive experiments on the interaction of hydrogen and 
oxygen under the influence of alpha-radiation from radon. He used the Lind* 
alpha-ray bulb as well as the system of Cameron and Ramsaj-*. The amount 
of reaction was determined by the change in pressure only. In order to ac¬ 
count for the excess of hydrogen that he obtained on analysis of the initial 
and final systems over that required for the simple formation of water, he 
postulated the formation of hydrogen peroxide. In his conclusion he states: 
“. . . the analysis shows moreover the absence of ozone, or, since ozone 
cannot exist in the presence of hydrogen peroxide and mercury (as is the case 
in our experiments) . . .” This statement shows that in the system that 

he used there was mercury present. This will account for the disappearance 
of oxygen in excess of the proper quantity required for the formation of water. 

Scheuer’s experiments were carried out in a static system with no direct 
analysis for hydrogen peroxide; all of the excess of hydrogen in the residual 
gases being attributed to the formation of hydrogen peroxide. It is evidently 
important to carry out the experiment under conditions where a direct analysis 
for hydrogen peroxide can he made. In the present work such experiments 
were made in a flow S3rstem using alpha-particle ionization as shown in Fig. i. 
The products of the reaction were collected in a liquid-air trap for a period of 

‘A. L. Marshall: J. Phys. Chem., 30, 34 (1926); J. Am. Cbem. Soc., 49, 2446 (1927). 

’ J. R. Bates and H. 8. Taylor; J. Am. Chem. Soc., 49,2763 (1927). 

*0. Sebeuer: Compt. rend., 159, 423 (1924). 

* S. C. lind: ‘'Chemical Effects of Alpha-Particles and Electrons,” 86 (1928). 

* A. T. Cameron and Wm. Runsay: J. Chem. Soc., 91, 931, 1266, 1593 (1907); 92, 966, 
992 (1908). 
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72 hours SO as to obtain a measurable concentration. The products were then 
allowed to distil into another liquid-air trap constructed so that it could be 
removed and weighed. During the distillation and the time required for the 
trap to warm sufficiently to remove it from the collection system, the exit 
gases were allowed to bubble through a solution of potassium iodide. If ozone 
is produced in the reaction its concentration must have been less than the 
vapor pressure of ozone at liquid air temperature as the above test gave no 



Fig. I 

evidence of the presence of ozone. The receiver was stoppered immediately 
after it was removed from the collection system with a fitted stopper contain¬ 
ing a plug of PjOe to prevent loss of moisture. The whole was allowed to 
warm to room temperature and then weigh^. Immediately after weighing, 
the receiver was added to an acid solution of the proper concentration for 
permanganate titration. The blank and sample were found to require the 
same amount. 

In a second experiment the receiver was constructed so that it was im¬ 
mediately below the reaction chamber. This eliminated any possibility of 
loss due to the catalytic decomposition of the hydrogen peroxide due to the 
walls of the reaction vessel. A run of 92 hours was made durii^; which time 
the receiver was immersed in liquid air. After that time, the receiver was 
warmed sufficiently to remove it and then placed in a desiccator as before. 
Immediately after weighing the contents of the receiver, the amount of per- 









HYDHOGEN PEBOXIDE FOBMED BY ALPHA BAYS 


383 


oxide was determined by adding a drop of 0.038 N permanganate solution. 
It was found that the amount of peroxide fonned during that period was 
insufficient to affect the color. In an experiment to detennine the sensitivity 
of the method used, it was found that 1.5 X io~’ equivalents was sufficient 
to decolorize that amount of permanganate immediately. 

In these experiments it was found that the amount of water collected in 
the traps was greater than the amount that would be predicted from the 
decrease of pressure in static experiments. This excess water was probably 
due to the liberation of occluded water from the walls of the reaction system. 
The results of the above experiments clearly indicate that the amount of 
peroxide formed in electrolytic gas by alpha rays, if any at all is formed, is 
very very small and the previously reported re.sults obtained in a static system 
are in error probably due to the presence of mercurj', which combined with 
part of the oxygen, leaving an excess of hydrogen, which was not evidence, 
however, of the formation of hydrogen peroxide. 

Summary 

No evidence of the formation of hydrogen peroxide by the action of alpha- 
particles on electrolytic gas has been obtained in experiments where a direct 
test was made for it. 

The absence of ozone was also shown by direct test. 

An explanation of the results of pre\*ious investigations, where the pres¬ 
ence of hydrogen peroxide was claimed, is given. 

The author wishes to express his appreciation to Dr. S. C. Lind who sug¬ 
gested the problem and under whom the work was carried out, and to Drs. 
R. S. Livingston and (J. Glockler for their assistance. 

IhiiverKUy of Minnesota, 

Minneapolis. 



DISTRIBUTION OF ACETONE THROUGH A RUBBER MEMBRANE* 


BT D. S. MOBTON 

Introductory 

The law governing the distribution of a common solute between twc 
liquid phases was worked out by NemsU in 1891, and may be stated as 
follows: “If the molecular weight of the solute is the same in both solvents, 
the ratio in which it distributes itself between them is constant for a given 
temperature.” That is, 

ci/cj = K 

where Ci is the concentration of the solute in the first phase, C2 is the con¬ 
centration in the second phase. K is called the distribution coefficient and 
depends upon the temperatiue and the nature of solute and solvent. The 
concentrations ci and C: correspond to solutions having equal partial pressures 
of the solute in the vapor phase, since both solutions are in equilibrium with 
the same vapor. 

The distribution of iodine between water and carbon disulphide was in¬ 
vestigated by Berthelot and Jungfleisch.^ They obtained a constant dis¬ 
tribution ratio when concentrations were expressed in grams solute per 10 cc. 
of solvent, that is, a constant ratio of the volume concentrations of the two 
phases. 

A thorough investigation of the distribution of succinic acid between 
water and ether was carried out by Forbes and Coolidge.* This case was 
complicated by the mutual solubility of the ether and water. The distribu¬ 
tion ratio was not a constant when volume concentrations were used, but did 
come out nearly constant when compositions were expressed as mol fractions. 

It has been shown by Bell and Field^ that solutions of ammonia in water 
and chloroform deviate considerably from the distribution law at high con¬ 
centrations. 

It is at once evident that in cases of unlimited solubility the ratio of the 
volume concentrations cannot remain constant as concentration increases, 
unless that ratio is unity. For, as we add solute to the i^stem, the composition 
of each liquid phase approaches pure solute, and the limiting value of the 
distribution coefficient is equal to the ratio of the density of the solute to the 
density of the solute, or unity. But in general the distribution coefficient is 

• A thesis presented to the Faculty of the Graduate School of Cornell University in 
partial fulfillment of the requirements for the degree of Master of Arts. This paper is pre¬ 
liminary to the programme now being carried out at Cornell University under a grant to 
Professor Bancroft from the Heckscher Foundation for the Advancement of Research, 
estabh'shed by August Heckscher at Cornell University. 

^ Z. physik. Chem., 8, no (1891). 

•Aim. Chim. Phys., (4) 26, 396 (1872). 

• J. Am. Chem. Soc., 41,15 (1919). 

• J. Am. Chem. Soc., 33, 940 (1911). 



DISTRIBUTION OF ACETONE THROUGH A RUBBER MEMBRANE 385 

not equal to unity, and hence the ratio of the volume concentrations is not 
a constant. A similar objection applies to expressing concentrations as mol 
fractions. 

Professor Bancroft suggests that the distribution equilibrium is primarily 
a function of mass concentration (grams solute per gram solvent) rather than 
of volume concentration. A study of dilute solutions affords little evidence 
on this point because of the approximate proportionality between mass and 
volume concentration. It is the purpose of this thesis to investigate distri¬ 
bution equilibria between concentrated solutions and to find out if it is 
possible to derive a simple relation for the distribution in terms of mass 
concentrations. 

A rubber membrane is readily penneable to acetone, much less permeable 
to methyl alcohol, and practically impenneable to water. Under ordinary 
conditions, methyl alcohol and water are miscible in all proportions; but they 
form a two-phase system when separated by an impenneable membrane. 
When acetone is added to the system, it should pass through the membrane 
and distribute itself Ix'twcen the two phases in a manner analogous to the 
distribution of a solute between immiscible solvents. The system will attain 
equilibrium when the concentrations of the two phases become adjusted so 
as to give the same partial pressure of the acetone in the vapor over each 
phase. We have here a unique opportunity to study distribution equilibria 
over the entire composition range from zero to loo percent, and to detennine 
wdiether or not the effects are primarily dependent on mass concentration. 

One distinction lietweim distribution through a semi-penneable membrane 
and the ordinary distribution Ixetween immiscible liquids should be noted. 
In the ordinary case both solvents, as well as the solute, are in equilibrium 
with the same vapor phase, whereas in the case of the membrane the solute 
only is in equilibrium in the vapor phase. This circumstance in no way affects 
the general validity of conclusions drawn from distribution through mem¬ 
branes; in both cases the equilibrium is actually determined by the partial 
pressure of the solute in the vapor. 

Experimental 

The first series of experiments is concerned with determining directly the 
distribution of acetone lietween methyl alcohol and water by dialysis with 
rubber membranes. The object of the second series of experiments is to 
check up on the results of the distribution experiments by means of measure¬ 
ments of the partial pressures of acetone over acetone-water and acetone- 
methyl alcohol solutions. 

Materials. J. T. Baker's absolute methyl alcohol and Kahlbaum's acetone 
from bisulphite compound were employed. Specific gravity detenninations 
indicated less than o.i% water in the paethyl alcohol. The acetone was re¬ 
distilled before using; the specific gravity of the distillate indicated the 
presence of about 0.5% water. 
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Apparaim and mdhod. The ample form of apparatus shown in Fig. i 
gave satisfactory results. An inverted thistle tube' A was supported by a 
cork stopper in the loo cc wide-mouth bottle B. A rubber membrane cut 
from a toy balloon was fastened tightly across the bottom of the thistle tube. 
All membranes were tested for leaks before using. The thistle tube was 
corked at the top after introducing the solutions and the corks sealed with 
paraffine to preclude loss of vapor. About $ cc of the acetone-water solution 
were placed inside the thistle tube, and about 50 cc of the acetone-methyl 
alcohol solution outside, in contact with the membrane. The purpose of 
using such unequal quantities of the two solutions was to allow for consider¬ 
able gain or loss of acetone by the water solution without materially affecting 
the composition of the methyl alcohol phase. 

Due to slow permeation of the membrane by methyl alco¬ 
hol, it was found impracticable to obtain an equilibrium 
simply by adding acetone to one of the phases and letting 
the concentrations adjust themselves. To locate the equi¬ 
librium point for a given acetone-water solution an adap¬ 
tation of the method of Bancroft and Nugent* was adopted. 
An acetone-water solution of the desired composition was 
made up by weighing out and mixing the components. Por¬ 
tions of this solution were then placed in the distribution 
apparatus, in contact with a series of acetone-methyl solu¬ 
tions of regularly graded concentrations. Under these con¬ 
ditions the water solution would gain or lose acetone ac¬ 
cording as the methyl alcohol solution was more or less 
concentrated than the equilibrium value. The amount of acetone gained or 
lost by the water solution was determined by analyses. A good approxima¬ 
tion of the concentration of the methyl alcohol phase that would exist in 
equilibrium with the water phase could then be obtained by interpolation 
between the highest observed concentration that gained acetone from the 
water and the lowest observed concentration that lost acetone to the water. 

For instance, to determine the distribution for a 10 percent acetone-water 
solution, portions of the 10 percent solution were run against acetone-methyl 
alcohol solutions centaining i percent, 10 percent, 20 percent and 50 percent 
acetone respectively. The water gained acetone from the 20 percent solution 
but lost acetone to the 10 percent. Hence the equilibrium point lay some¬ 
where between 10 and 20 percent. The experiment was therefore repeated 
using 12,14,16,18 and 20 percent acetone-methyl alcohol solutions. Acetone 
was gained from the 18 percent solution and lost to the 16 percent solution. 
By interpolation the equilibrium point was estimated to be about 16.5 percent 
acetone in the methyl alcohol solution. 

The acetone in the water solution was determined by the Messinger 
method.* This method, which requires a sample containing abou^ 0.61 g of 

‘ The draughtsman did not make a good thistle tube. 

* Colloid Symposium Monograph, 5 ,149 (1927). 

' Goodwin: J. Am. Chem. Soc., 42 , 39 (1920). 
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acetone, gave results which were consistent but invariably a little low. For 
this reason the original water solution was analyzed, although its composition 
was known accurately, in order to get a figure with which to compare results 
obtained after contact with the methyl alcohol solutions. 

Acetone-methyl alcohol solutions were made up to the concentrations de¬ 
sired by measuring the liquids carefully out of calibrated burettes. 

Experimental conditions. All work was done at room temperature, about 
23°C ±1®. Solutions were allowed to remain in contact 24 hours, and were 
shaken thoroughly three or four times during the standing period. 

Errors. The most anno3Hing source of error was the tendency of the methyl 
alcohol to pass through the membrane into the water solution. The volume 
of the water solution phase would usually show a marked increase inside of a 
week and would continue to increase as long as the solutions remained in con¬ 
tact. In some instances an osmotic pressure sufficient to rupture the mem¬ 
brane or blow out the corks was developed. 

Unfortunately there is no good method for determining small amounts 
of methyl alcohol in the presence of acetone. It is possible, however, to infer 
indirectly the effect of the methyl alcohol by analyzing solutions for acetone 
at frequent intervals. Ilesults of such a series of analyses indicated that the 
equilibrium was approached in three stages: 

(1) Saturation of the rubber membrane with acetone. All water solutions, 
whether more or less concentrated than the e(|uilibrium composition, showed 
a small initial loss of acetone. This loss appeared to be due to absorption of 
the acetone by the rubber membrane, equilibrium being attained within five 
hours or less. 

(2) Osmosis of the acetone through the rubber membrane from the water 
side to the methyl alcohol side, or vice versa, depending on the ratio of the 
acetone concentrations in the two phases. This flow of acetone proceeded 
fairly rapidly and gave an easily determinable concentration change within 
24 hours. The direction of the osmosis, as has been pointed out, is an index 
of the position of the acetone-methyl alcohol solution with respect to the 
equilibrium point for the given acetone-water solution. 

(3) Slow osmosis of the methyl alcohol accompanied by acetone. All acetone- 
water solutions, regardless of composition, began to gain acetone at the end 
of two days and continued to do so as long as observations were taken. This 
effect can be explained by assuming that methyl alcohol, especially in the 
presence of acetone, permeates the rubber membrane slowly and introduces 
methyl alcohol eventually into the water solution. Since the methyl alcohol 
solution always contains more acetone than the water solution in equilibrium 
with it, it seems reasonable to expect that as the concentration of the methyl 
alcohol increases in the water solution, the concentration of the acetone will 
increase correspondingly. The water solution is changing over into a methyl 
alcohol solution, so to speak, and is approaching the composition of the 
methyl alcohol solution on the other side of the membrane. This hypothesis 
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seems to be the only one that accounts for the observed continuous increase 
in the concentration of acetone in the water layer. 

These three effects undoubtedly proceed more or less simultaneously. 
So far as could be determined from the results of the analyses, the second 
effect was the predominant one after a standing period of 24 hours; estimates 
of the equilibrium point were therefore based on analyses taken 24 hours after 
placing the solutions in contact. Values for the equilibrium concentration 
were thus obtained agreeing within 1 percent or less on the lower concentrsr 
tions and i and 2 percent on the higher concentrations. 

Check results obtained at different times indicated that the error intro¬ 
duced by variations in room temperature was slight compared with the error 
due to diffusion of the methyl alcohol. 

The analytical method used gave results concordant to i part in 100 
parts of acetone—a degree of accuracy entirely adequate for the purpose of 
these experiments. 

An occasional extraordinary result was rejected as being due to a defective 
rubber membrane. 

Results. The equilibria obtained for the various acetone-water solutions 
are shown in Table I. There is no evidence of constancy in the distribution 
ratio regardless of the mode of expressing concentration. 

Curves. In order to determine whether the distribution equilibrium could 
be represented by any simple type of equation in terms of mass concentration, 

Table I 

Distribution of Acetone between Water and Methyl Alcohol at 23° 

A ~ Gram percentage acetone in water solution 
B = Gram percentage acetone in alcohol solution 
C = Ratio of gram percentages = B/A 

D = Mass concentration acetone in water solution = A/ioo — A 
E = Mass concentration acetone in alcohol solution = B/ioo — B 
F = Ratio of mass concentrations = E/D 
G = Mol fraction acetone in water solution 
H = Mol fraction acetone in alcohol solution 
I = Ratio of mol fractions == H/G 
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concentrations of the acetone-methyl alcohol solutions were plotted against 
corresponding concentrations of acetone-water solutions on logarithmic 
paper. The result is a very satisfactory straight line. This means that the 
data can be represented by log (Gac/Gaio) — a log (G'ac/Gw) = log K, as 
shown in Table II. 

Table II 

Distribution of Acetone between Water and Methyl Alcohol at 23° 



, Ga. 

VlAlo 

— 1.09 log 

G'ac , „ 

— = log K = 
taw 

0.3502 


% acetone 
in water 
solution 

% acetone 
in alcohol 
solution 

t»Ac 

GaIo 

Gac/G 

found 

w 

calc. 

loe K 
calc. 

10 

17 

0.205 

0.111 

0.111 

0.3567 

20 

32 

0.471 

0.250 

0.239 

0.3303 

30 

46 

0.852 

0.429 

0.412 

0.3312 

40 

59 

1.44 

0.666 

0.667 

0.3508 

SO 

69 -5 

2.28 

1.00 

1.017 

0.3579 

60 

77 S 

3*44 

1.50 

1.482 

0.3446 

70 

8S 

5.66 

2*34 

2.341 

0.3541 


The agreement is satisfactory over the whole range covered by the experi¬ 
ments—up to seventy-six mol percent of acetone in the methyl alcohol solu¬ 
tion. If the equation is to be tested further, some more exact method of 
measuring the distribution ratio at high concentrations must be devised. 

Vapor Pressure Measurements 

In any case of equilibrium of a solute between two liquid phases, the 
partial pressure of the solute in each phase must be the same. Therefore a 
distribution curve for the system acetone-water-raethyl alcohol can be de¬ 
duced from vap)or pressure data, by plotting acetone-methyl alcohol solutions 
against acetone-water solutions having equal partial pressures of acetone in 
the vapor phase. In view of the possibility of error due to osmosis of the 
methyl alcohol in the membrane experiments, it seemed desirable to check up 
on the results by means of partial pressures. 

Since up to the present writing there appear to be in the literature no 
accurate vapor pressure data on the system acetone-water, and none at all 
on acetone-methyl alcohol, it was necessary to obtain these data experi¬ 
mentally. 

The partial pressure of a constituent of a vapor is equal to the product of 
the total vapor pressure and the mol fraction of the constituent, assuming 
validity of the gas laws and normal molecular weights. To compute the 
partial pressure we must determine in some manner both the composition 
and total pressure of the vapor. 

The usual method of determining vapor compositions is to condense the 
vapor completely and analyze the condensate. Unless considerable care is 
taken, error will be introduced by refluxing during the vaporization and by 
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incomplete condensation of the vapor. The composition of the original liquid 
may be measurably changed by the distillation, and if this occurs there is 
always some uncertainty as to what composition of residue corresponds with 
the observed composition of the distillate. Various ingenious methods have 
been devised to eliminate or reduce these causes of error. ^ By usmg special 
precautions and rather elaborate forms of apparatus it seems to be possible 
to secure results of a fair degree of accuracy by the isothermal distillation 
method. 

A second method, that has received less attention, consists in measuring 
some physical property of the vapor which is a known function of its com¬ 
position, such as refractive index. This method is theoretically the ideal one 
since it permits a direct analysis of the vapor phase under equilibrium con¬ 
ditions. Cunaeus^ attempted to work out the system acetone-ether by 
analyzing the vapor phase with an interferometer, but got into difficulties 
which he attributed to condensation of vapor in the end of his tubes. More 
recently Hoover and Glassey* have used the interferometer to determine 
vapor compositions in systems of two volatile liquids, and report good agree¬ 
ment with Wrewsky's results for the systems ethyl alcohol-water and methyl 
alcohol-water. 

A method similar to that of Cunaeus was adopted for the present in¬ 
vestigation. The vapor in equilibrium with a given solution was admitted 
into the interferometer and its refractivity measured against air as a stand¬ 
ard. Assuming refractivity to be a linear function of vapor composition, the 
vapor composition and the partial pressure of each component were obtained 
by a simple calculation. 

The interferometer used was found incapable of compensating for the 
difference between the refractivity of air at atmospheric pressure and that 
of the vapors under their own vapor pressures. Hence in every case the pres¬ 
sure of the air was reduced in the interferometer chamber until its refractivity 
exactly equaled that of the vapor. In this way calibration of the instrument 
was avoided, temperature corrections applicable to difference in refractivity 
were eliminated, and calculations were greatly simplified. 

Formulm, Following is a derivation of equations expressing refractivity 
and composition in terms of measured quantities. 

Let Ra refractivity of gas A at pressure pA, absolute temperature Ta 

Rb « ” ” B '' pressure pB, absolute temperature Tb 

Rc = ” C ** pressure pC, absolute temperature Tc 

Rm = refractivity of mixture of A and B at pressure pM, temperature Tm 
a = mol fraction of A in mixture 

b 5= g ff 

Ra, Rb, Rc, Rm = respective refractivities at 760 mm., 273®A. 

> Wrewdty; Z. physik. Chem., 81 , i (1912); Sameshima: J. Am. Chem. Soc.* 40 , 1482 
(1918). 

’Ctmaeus: Z. phyaik. Chem., 36 , 232 (1901). 

»Hoover and Glassey: Trans. Roy. Soc. Canada, III (3), 19 ,35 (1925). 
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(1) By definition, R == n -- i 

(2) By law of Gladstone and Dale^ 

n — I R 

“d d " 

where d = density of gas, 

Ti = a constant called the specific refraction. 

(3) Assuming validity of the gas laws, 

doc p/T 

or R = k(p/T) 

(4) For Ra = Ra, k = 

700 


(s) Sub8 


760 Ta 

T> _ 273 Pb ^ 


(6) So far as is known the refractivity of a gas mixture is very nearly 
additive. Therefore 

Rm = sRa bRfl = aRA (i—a) Rb* 

(7) Solving for a, 


a = 


• Rm — R b 
Ra - Rb . 

76oTm 


R 273Pm _ 

" 76oT„ 


273Pm 


Rm 


2 73Pm 
76oTm 

Rb 


(Ra ~ Rb) 


Rm — Rb 


Ra - Rb Ra - Rb 

(8) Under experimental conditions Rm == Rc, Tm = Tc 

(9) But Rm = Rm = Rc 


273 Pm 


273Pm 


760 TM 273Pc Pc iT 

= - • -TTfr Kc = — itc 

2 73 Pm 760 Tc Pm 

(10) In these experiments C is dry air free from carbon dioxide, and 


Rc ,0002917® 


Pc 


(ii) Subs, Rm = — (.0002917) 
Pm 


1 Phil. Trans. (1858). 

* Ra, Rb, Rm for same temp, and pressure. 

• Meggers and Peters: Bur. Standards Bull., 14 , 698-740 (1918). 
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In the following experiments the zero refractivities of acetone, methyl 
alcohol, and water were first determined, and the values substituted in equar 
tion (7) for Ra and Rb. The zero refractivities Rm of various mixed vapors 
were then determined by observing the vapor pressure of the solution pm 
and the pressure pc of air having equal refractivity, and applying equation 
(ii). The mol fraction of acetone in the vapor could then be calculated by 
substituting for Rm in equation (7). 

ApparatiLS. (Fig. 2.) 

The solution under investigation is contained in the glass-stoppered flask 
F. This flask is provided with a side tube communicating with the right- 
hand gas chamber I2 of the interferometer, and with the manometer M2. 
There are also tubes connecting with a vacuum pump with stopcocks c, d, 
and e inserted as shown. The far end of the chamber I2 is connected through 
a stopcock with tubes containing calcium chloride and soda-lime (not shown 

A tube is run from the pump line to 
the remote end of the gas chamber Ii, 
with stopcock at b. The near end of 
chamber Ii communicates with mano¬ 
meter Ml and with the atmosphere 
through stopcock a and drying tower D, 
which is filled with calcium chloride 
and soda-lime. 

Ordinary 7 mm. glass tubing was 
used for the manometers and connecting 
tubes. Stopcocks were of 2 mm. bore. 
Rubber connections were avoided as 
far as possible in those parts of the ap¬ 
paratus coming in contact with acetone 
vapor;it was necessary, however, to use 
two short lengths of rubber tubing 
to connect the glass tubing with the brass nipples on the extremities of the 
interferometer chamber. 

The interferometer was of the Zeiss laboratory type, with gas chambers 
100 cm. long. It was easily capable of measuring refractivities to i X 10-®. 

Experimental procedure. The liquid under investigation was introduced 
in flask F and the stopper inserted. The flask and its contents were then 
thoroughly cooled with carbon dioxide-alcohol mixture. With stopcocks 6, c, 
and d closed and e and / open, the space over the solution was evacuated for 
an hour or more to remove the air. Little vapor was lost in the evacuation 
because of the low vapor pressure of the solution at the temperature of solid 
carbon dioxide. After the air had been pumped off, stopcock e was closed and 
the cooling bath removed. A water bath regulated at 2o®C was put i^n obn- 
tact with the flask F. 

While waiting for the solution to warm up to 20® the interferometer was 
adjusted by drawing air at atmospheric pressure into both gas chambers and 



Fig. 2 

Apparatus for determination of partial 
vapor pressures 
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turning the compensator screw so as to bring the interference bands to the 
zero position. This was repeated two or three times, or until the setting was 
constant. 

Stopcock d was then closed, c was opened, and the interferometer chamber 
I2, manometer M2, and connecting tubes evacuated to .1 mm. or less, when c 
was closed again. Stopcock d was opened to admit the vapor into the inter¬ 
ferometer, flask F being shaken to hasten the equilibrium. At the same time 
the pressure of the air in chamber Ii was slowly reduced, by opening b slightly 
and pumping, until the interference bands as viewed through the eyepiece of 
the interferometer were brought back to the zero position, when b was closed. 
The heights of the mercury columns in the two manometers were then ob¬ 
served. The difference between atmospheric pressure and the reading on 
M2 was equal to pm, the vapor pressure of the solution, while the difference 
Ix^tween atmospheric pressure and the reading on Mi gave the pressure pa of 
air having the same refractivity as the vapor. 

The refractivity as calculated from the first few readings generally came 
out too low, probably because of some residual air remaining in the solution. 
Therefore some of the vapor was pumped off through e and the observations 
repeated, until pm and p* became constant. 

Some difficulty was experienced in establishing a state of equilibrium l>e- 
tween the liquid and the vapor in remote parts of the apparatus. By jarring 
and shaking flask F persistently, however, one could usually succeed in bring¬ 
ing the interference bands to a fairly stable position. It would have been 
better to provide F with a magnetic stirrer. 

A very gradual but steady displacement of the bands took place even after 
equilibrium appeared to be established; this may have resulted from slow 
vaporization of heavy impurities in the acetone. As a rule this effect was too 
slow to interfere much with the readings. Duplicate runs gave values of pa 
checking to i mm. or less in most cases. 


Table III 

Vapor Pressures of Acetone-Water Solutions at 2o°C 


A 

B 

Pm 

Rm 

a 

Pa 

Pw 

Percent 

Mass 

Total 

Zero 

Mol 

Partial 

Partial 

acetone 

cone. 

vapor 

refract. 

fraction 

pressure 

pressure 

in 

P acetone 
ioo~A 

pressure 

of 

of acetone 

of 

of 

Solution 


vapor 

in vapor 

acetone 

water 




a ~ 

Rm ~255 

Pa ~ 8 'Pm 

Pw ~Pm""Pa 



mm 


877 

mm 

mm 

0.0 

.000 

17.1 

255 (io)~* 

.000 

0.0 

17.1 

10.3 

.116 

49.2 

996 

•845 

41.2 

8.0 

20.0 

.250 

81.1 

1051 

•913 

73-2 

7-9 

293 

.414 

103.3 

1094 

•956 

98.5 

4.8 

39.0 

•639 

119.8 

1100 

.964 

115.8 

4.0 

S 8-3 

1-39 

141.5 

III 2 

•975 

138.1 

3-4 

79.6 

3-90 

156-3 

III3 

•976 

152.5 

3.8 

100.0 


179.2 

1132 

I.OO 

179.2 

0.0 
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All solutions were made up by weighing out the components. About 50 ml. 
of solution were used for a run. In the case of acetone-water solutions the 
specific gravity of each solution was determined after the experiment and the 
composition obtained from Young's^ table. The results are given in Tables 
III and IV. 

Table IV 

Vapor Pressures of Acetone-Methyl Alcohol Solutions at 2o®C 


A 

B 

Pm 

Rm 

a 

Pa 

Pb 

Percent 

Mass 

Total 

Zero 

Mol 

Partial 

Partial 

acetone 

cone. 

vapor 

Refract. 

fraction 

pressure 

pressure 

in ^ 
solution 

_ acetone 

pressure 

of 

of acetone 

of 

of 

"" 100—A 

mm 

vapor 

in vapor 

Rii —“600 

^ “ 534 

acetone 

Pa “ apM 

Pb 

mm 

methyl 

alcohol 

*= Pm~Pa 
mm 

0.0 

.000 

96.0 

600 ( 

io)“® .000 

0.0 

96.0 

10.0 

.III 

no.8 

738 

.258 

28.6 

82.2 

24.2 

•319 

128.4 

837 

.444 

570 

67.4 

30.0 

•423 

1342 

888 

.540 

72.4 

61.8 

40.0 

.666 

I 4 S -4 

928 

.614 

89.2 

56.2 

00 

.992 

154.4 

959 

.672 

103.8 

50.6 

60.0 

I-SO 

162.9 

989 

.729 

118.8 

44.1 

70.1 

2.35 

169.8 

1014 

•775 

131.6 

38.2 

80.1 

4.02 

I 73 -S 

1044 

.831 

144.2 

29-3 

90.1 

9.06 

179.0 

1082 

.902 

161.4 

17.6 

100.0 


179.2 

1132 

1.000 

179.2 

0.0 


Curves and discussion. In order to check up on the results of the mem¬ 
brane experiments partial pressures of acetone were plotted against per¬ 
centage of acetone. Curve (i), Fig. 3, shows the relation for the system 
acetone-water, and curve (2) that for the system acetone-methyl alcohol. 

The compositions required for equilibrium between the two solution 
phases are obtained by taking abscissae corresponding to the same partial 
pressure ordinate. Thus, the ordinate 41 mm. intersects the water solution 
curve at 10 percent and the methyl alcohol solution curve at 16 percent. 
Therefore a 10 percent acetone-water solution will exist in equilibrium with a 
16 percent acetone-methyl alcohol solution. 

Table V consists of corresponding abscissae read off the two curves: 


Table V 


Acetone- 
water 
% acetone 

Acetone- 
methyl 
alcohol 
% acetone 

Acetone- 
water 
% acetone 

Acetone- 
methyl 
alcohol 
% acetone 

0.0 

0.0 

40.0 

59-4 

0 

d 

16.1 

50.0 

69.0 

20.0 

30.s 

60.0 

76.2 

30.0 

46.6 

70.0 

81.s 


^ Young: ^^Distillation Principles and Processes,” 261 (1922). 
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The curve corresponding to these values is shown in Fig. 4, (2). Curve 
(i) is the one obtained from the rubber-membrane experiments. The agree¬ 
ment between the two curves is fairly satisfactory when one considers that 
they were obtained by entirely independent methods, each involving more 
or less error. The primary object of this investigation has been to determine 
the form of the vapor pressure and distribution relationships in concentrated 
solutions, rather than to carry out measurements to a high degree of precision. 

The fact that the distribution equilibria can be represented by a simple 
linear equation in terms of mass concentration suggests that a similar equa¬ 
tion can be found for the partial vapor pressures. Professor Bancroft pro¬ 
poses the formula^ 



methyl alcohol solutions. (2) From vapor pressure data. 

acetone = 179.2 at 2o®C, p' = the partial pressure of acetone over a solu¬ 
tion containing Ga grams of acetone and Gb grams of solute, and K and a 
are constants depending on the solvent and the temperature. This equation 
is equivalent to Raoult’s law for a = i and K = Ma/Ms. 

Taking logarithms on both sides, we get 

= logK + a log (Gs/Ga), (2) 


^ Bancroft and Davis: J. Phys. Chem., 33 , 361 (1929). 
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which is the equation for a straight line. The calculated data are given in 
Tables VI and VII. The agreement is quite satisfactory for acetone and 
methyl alcohol; but there is considerable discrepency for the acetone-water 
solutions at the highest and the lowest concentrations. It may be that the 
method of vapor analysis used is unsuitable for such readily condensable 
mixtures. It is hoped that this point may be cleared next year. 

Table VI 

Methyl Alcohol and Acetone at 20° 

0.83 log^ - log P^? ~ - ^> = log Ki = 0.14 

'-TAo P Ac 


0.62 log — log P— ^ = log Ki = 0.03 

^Ale P Ale 


% acetone 

logK, 

p' acetone 

logK, 

p' alcohol 

in liquid 

0.0 

calc. 

found 

mm 

0. 

calc. 

mm 

calc. 

found 

mm 

96.0 

calc. 

mm 

10.0 

0.0710 

28.6 

32.7 

0.1834 

82.2 

75*7 

24.2 

0.123s 

57-0 

62.5 

0.0642 

67 s 

65.8 

300 

0. 1361 

72.4 

73-8 

0.0188 

61.8 

62.4 

40,0 

0.1419 

89.2 

88.8 

0.0407 

56.2 

55*6 

49-8 

0.1416 

103.8 

103.6 

0.0449 

50.6 

49*9 

60.0 

0 -U 75 

118.8 

118.1 

0.0384 

44.1 

43-6 

70.1 

0.1337 

131*6 

132.1 

0.0558 

38.2 

36.8 

80.1 

0.1118 

144.2 

146.0 

0.0162 

293 

29.9 

90. I 

100.0 

0.1625 

161.4 

179.2 

160.6 

1.9698 

17.6 

0. 

20.6 



Table VII 



Water and Acetone at 20® 


0.9 log 

^-log^ 

^Ac 

-r^® = logKi = 
P Ac 

0.39 

% acetone 
in liquid 

logKi 

calc. 

found ^ 

mm 

calc. 

mm 

0 

— 

0.0 

— 

10.3 

0.3210 

41.2 

46.5 

20.0 

0.3811 

73-2 

74.1 

29.3 

0.402 

9 S-S 

95-4 

39.0 

0.4274 

115-8 

113.8 

58.3 

0-3954 

128;! 

137-7 

79.6 

0.2245 

152.5 

160.1 

100. 

— 

179.2 

— 
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Summary 

(i) The distribution of acetone through a rubber membrane between 
methyl alcohol and water has been measured by two independent methods 
over a composition range of o to 70 percent, and has been shown to agree 
with the equation 

Gac/GaIo = 2.24 (Gac/Gw)* ” 


(2) The partial pressure of acetone over acetone-methyl alcohol solu¬ 
tions at 20®C is represented fairly well by the expression 


( 


== j 179-2 - P' 


Gac/ 


(3) The partial pressure equation for acetone-water solutions as derived 
from the two preceeding equations is 

2.655179.2 - p' _ /G* y* 

p' \gJ 


This equation agrees with experimental values for intermediate concentra¬ 
tions, but not with those for high and low concentrations. It is possible 
that the discrepancies are due to experimental error. 

(4) The results indicate that the distribution of a solute between two 
phases is primarily a function of mass concentrations. 

Cornell University 



DENSITY OF WOOD SUBSTANCE, ADSORPTION BY WOOD, AND 
PERMEABILITY OF WOOD 


BY ALFRED J. STAMM* 

A knowledge of the true density of wood substance and of its apparent 
densities in different liquids and gases is of considerable importance. Such 
information should help in giving some idea of the nature of the colloidal and 
the molecular dispersion of the materials making up the cell wall. It should 
give the relative permeability of the cell wall to different liquids, the extent 
to which compressive adsorption of the liquids takes place on the internal 
wood surfaces, and the adsorption of gases by wood. Values for the apparent 
densities of wood substances in various aqueous solutions together with 
adsorption measurements should give additional information as to the nature 
of the adsorption. The value for its true density is useful also in the cal¬ 
culation of the total void volume of wood or the average void cross section of 
thin sections of wood. All of these properties are important in the study of 
the flow of liquids through wood.® 

Previous Density Determinations 

Unfortunately most of the previous known determinations of the density 
of wood substance are based upon experimental methods that, with the ad¬ 
vance in science, have become somewhat questionable. Though they give 
the correct order of magnitude and indicate that the variations in the values 
among the different species are slight, they fail to furnish all of the information 
that such experimental work should disclose. 

Sachs® determined the density of wood substance, applying Archimedes’ 
principle, by weighing thin wood sections both in air and in a liquid of known 
density, using in turn water and alcohol. He also found the densities of cal¬ 
cium nitrate and of zinc nitrate solutions in which thin wood sections were in 
approximate equilibrium, that is, sank very slowly. The first method gave 
1.5 for pine with distilled water as the immersion liquid and 1.523 with alcohol, 
whereas the second one gave i .54. Hartig,® using the second method, obtained 
i-SSS lor the average of the densities of five different species. Dunlap,® also 
using the method of equilibrium in salt solutions, obtained values ranging 
from 1.4990 to 1.5639 for the seven species that he investigated. 

Though the equilibrium method is simple in experimental manipulation 
and may give reproducible results, theoretically it is not entirely sound. It 
depends upon the erroneous assumption that the concentration of the salt 


‘ Chemist in Forest Products, U. S. Forest Products Laboratory, Madison, Wis. 

T *4®^® = /•, Np- ?„(* 929 ). “The Capillary Structure of Softwoods. 

I.—^As mdicated by Electroendosmotic Flow Studies.” 


* Arb. Bot. Inst., Wtirzburg, 2, 291 (1897). 

^Untersuch. Forestbott. Inst., Mttnchen, 2, 112 (1882). 

* J. Agr. Research, 2, 423 (1914). 
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solution will be the same in the fine inner structure of tlje wood as in bulk. 
Adsorption, either positive or negative, or an osmotic or Donnan equilibrium 
effect resulting in a non-uniform distribution of the salt and solvent, or a 
change in the extent of penetration will affect the density. This fact is 
illustrated by some of the data presented in the present paper. 

Richter® determined the density of wood substance using the pycnometric 
method with alcohol as the displacement liquid. Black spruce gave 1.512 
for the heartwood and 1.516 for the sapwood, while white spruce gave the 
corresponding values 1.517 and 1.528. Previous extraction with ether and 
alcohol increased the values somewhat, the black spruce sapwood then giving 
1.569. As will be seen later, the results using 95 per cent alcohol for the dis¬ 
placement liquid agree quite well with those in which water is similarly used. 

The previous determinations of the density of cellulose alone have, in 
general, been more satisfactory than those for wood substance. De Mosen- 
thaP determined the density of various celluloses by means of the pycnometric 
method using water for the displacement liquid. He obtained 1.607 for cotton 
cellulose, 1.575 for wood cellulose, 1.570 for ramie cellulose, and 1.548 for 
flax. Alcohol gave practically the same values, and bezene somewhat less. 
Richter® also determined the density of cellulose by the same method. He 
obtained 1.584 for cotton cellulose and 1.583 for filter paper, in alcohol. 
Lewis® made similar determinations on cotton cellulose using both water and 
toluene; the first medium gave 1.593 to 1.607 the second 1.560 to 1.582. 
He also determined the effect of temperature on the density of the cellulose, 
from 20° to 5o°C. In water the density decreased over this range from 1.612 
to 1.590 in approximately a linear fashion. The effect of temperature upon 
the density in toluene was quite erratic, the general trend being towards an 
increase in density with an increase of temperature. This trend is diametri¬ 
cally opposed to the results of the following reference and the results of the 
investigation now reported. 

After completing the experimental work of this investigation a recent 
publication by Davidson® came to the author's attention. This investigator 
determined the density of cotton cellulose pycnometrically, using water and 
several different organic liquids for displacement. He also determined the 
displacement by helium gas in a manner similar to that of the author's work. 
Davidson^s measurements with the pycnometer at 2o°C., using a soda-boiled 
cotton, gave 1.612 with water and 1.550 to 1.558 vnih six different non-polar 
organic liquids. Helium gas displacement gave 1.567. Cotton from different 
sources, soda-boiled and mercerized, viscose, cuprammoniurn, and nitro 
artificial silks, all gave practically the same density for each particular deter¬ 
mination medium. Davidson further determined the effect of temperature 
from o® to 8o®C. for water and for toluene displacement. Both of these gave 

• Wochenbl. Papierfabr., 46 , 1529 (1915)- 

’ J. Soc. Chem. Ind., 26 , 443 (i907)« 

• Cross and Dor6e: ^^Eesearches on Cellulose,Vol. 4, p. 27 (1910-21). 

• J. Textile Inst., 18 , T175 (1927). 
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a linear decrease in density with an increase in temperature. With water as 
the displacement liquid the density decreased from 1.615 *0 i*S 7 S» with 
toluene from 1.552 to 1.535. 

Pycnometer Method for the Determination of the Apparent 
Densities of Wood Substance 

Determinations of the apparent density of wood substance were made at 
25®C., in 50 cc. Gay-Lussac pycnometers, on samples of wood meal. The 
measurements were made using distilled water, various organic liquids, and 
a series of aqueous solutions for the displacement media. The data necessary 
for the calculation of the density are the oven-dry weight of the wood (which 
has been dried to constant weight at io5°C.), m; the density of the displace¬ 
ment liquid, dj®; the weight of the pycnometer filled with the displacement 
liquid alone, p + Wo", and the weight of the pycnometer filled with the wood 
and the displacement liquid, p + m Wo. The density D can then be deter¬ 
mined from the equation, 

_ m _ _md_ 

~ Wo - wi m - l(p -f m + wi) - (p + Wo)] 
d 

All weighings were made with a similar pycnometer serving as a weighing 
tare. 2.000 ± 0.001 grams of wood were used in each of the determinations. 

In the prelimin a ry experiments, in which distilled water and benzene were 
used in turn as the displacement liquids, two different procedures were tried 
to insure complete replacement of air by the liquid, (a) The dry wood meal 
in the pycnometers was first exposed to the vapors of the displacement 
liquid for several hours in order to obtain saturation of the fine structure. 
The moistened meal was then completely covered with the liquid and was 
gradually subjected to vapor treatment a second time by boiling the liquid 
nearly to dryness. The meal was again completely covered with the liquid 
and boiled for an hour. After standing for two days, being brought to the 
boiling point several times during this period, the final weighings were made 
to constant weight at 2 5®C. (b) The dry wood meal was immediately covered 
with the displacement liquid, was warmed slightly on the water bath, and was 
then subjected intermittently to a reduced pressure of a few centimeters of 
mercury in a vacuum desiccator. The application of suction was continued 
intermittently for from two days to two weeks. As the following data will 
show, these two procedures gave the same results, within the limits of ex¬ 
perimental error; after learning this fact, procedure (b) was adopted for all 
subsequent measurements, since it is less limited in its experimental appli¬ 
cation than (a). In the measurements involving aqueous solutions, the 
weight was determined just before and just after heating and subjecting to 
the vacuum treatment, so that an appropriate correction could be made for 
the slight chmige in concentration caused by evaporation of the solvent. 
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Gas-Displacement Method for the Determination of 
the Density of Wood Substance 

The essential parts of the gas-displacement apparatus used in this in¬ 
vestigation are shown in Figure A is the displacement bulb of 135 cc. 
capacity in which the wood meal is placed; 5 is a 100 cc. gas burette with 
mercury leveling tube L; M is a mercury manometer of capillary bore; 
Jy Jiy and J2 are water jackets through which water is rapidly circulated from 
a water thermostat; tube D is connected to the purification train and source 
of gas used for displacement; tube C is connected to a phosphorus pentoxide 
drying tube, a mercury-vapor vacuum pump, a McLeod vacuum gauge, and 
a Cenco oil-immersed vacuum pump. All volume readings were made at 
760 mm. of mercury pressure, a small temperature correction for the slight 
volume of the apparatus not held at constant temperature being taken into 
account. 

In making the determinations, the 
gas burette B and connections were 
first flushed free from air by filling B 
several times with the displacement 
gas and discharging it through stop 
cock S\. With the empty bulb A in 
place and Si closed, the bulb was evac¬ 
uated with the oil-immersed pump and 
then with the mercury-vapor pump 
to from io~Ho io“® mm. of mercury. 

To insure the removal of all water 
vapor, A was immersed in a beaker of 
boiling water during the latter stages 
of the evacuation. B was filled with 
gas from D and the 2-way stop cock 
S was then opened to the manometer 
M; at the same time was closed to D. 

The volume of the gas in B was read 
after adjusting L so that the pressure 
reading was 760 mm. of mercury plus 
the correction. S2 was closed and Si 
was gradually opened enough to allow 

about 60 cc. of gas to pass into A, after which Si was again closed and the volume 
taken from B was determined. The burette B was then refilled from D and the 
pressure and volume readings for it were taken as before. After again opening 
Si, this time letting it stand open, the equilibrium volume of A and B was 
read with the pressure adjusted to 760 mm. of mercury plus the correction. 
This same procedure was followed when the bulb A was filled with wood meal 
except that a greater length of time was allowed after filling the bulb with gas 



Fia. I 

Apparatus for the gas replacement method 
for the determination of the density of 
wood substance 


“ The author is indebted to Dr. T. G. Finsel of the Chemistry Department of the Uni¬ 
versity of Wisconsin for the use of his adsorption apparatus, which suited admirably the 
requirements of this research. 
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before taking the final reading; equilibrium was in all cases obtained in less 
than an hour. The volume of the wood in A is then the difference in the 
volume of the bulb when empty and when filled with wood. 

Materials for the Experimental Work 

The heartwood of seven different softwoods and of two hardwoods was 
studied. All of the samples were ground to pass a mesh of either 20, 40, or 80 
to the inch. Extractives were removed from the wood, only in the cases 
specified, by successive extractions with hot water, alcohol, and ether. The 
cotton cellulose used was sterile absorbent cotton manufactured by Bauer 
and Black. The wood cellulose was obtained from catalpa heartwood by 
chlorination and extraction of the lignin with sodium sulfite (the method of 
Cross and Bevan); it was then digested with boiling water for several hours 
to remove the readily hydrolyzable carbohydrates. The lignin was obtained 
by removing the cellulose and other carbohydrates from the heartwood of 
western yellow pine with 72 per cent sulfuric acid. 

The organic liquids and salts used were of high commercial purity, so that 
no further purification was resorted to in any case. The helium gas used, which 
was obtained from the Bureau of Mines, contained a small amount of nitrogen, 
the removal of which was unnecessary, as the following results indicate. All 
of the gases used were dried by passing them through concentrated sulfuric 
acid and over solid potassium hydroxide, and traces of oxygen were removed 
from the other gases by passing them over hot metallic copper. 

Table I 

Apparent Densities of Wood Substances obtained by the Water Displacement 

Method, at 2 5°C. 


Species 
of wood; 
heartwood only 

Apparent 
density of 
wood 
substance 

Size of 
particles 
in meshes 
to the inch 

Treatment to 
secure complete 
penetration of 
the liquid* 

Alaska cedar 

I -545 

20 

(a) 

Do. 

I -549 

20 

(a) 

Do. 

i-SSi 

20 

(a) 

Do. 

1-547 

20 

(b) 

Do. 

1-546 

20 

(b) 

Do. 

1-547 

20 

Repetition of (b) on 
previous sample after 
evaporation to dryness 

Sitka spruce 

1-529 

40 

(b) 

Do. 

1-527 

40 

(b) 

Do. 

1-525 

80 

(b) 

Do. 

1-530 

80 

(b) 

Do. 

1-529 

80 

(b). 


* (a) Vapor treatment followed by liquid treatment and boiling. 

(b) Liquid treatment followed by warming and intermittent subjection to reduced 
pressure. 
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Experimental Work 

Water displacement 

The effect of the method of treatment and of the size of the wood meal 
upon the apparent densities of wood substances as obtained by the pycno- 
metric method with water as the displacement liquid are presented in Table 
1 . The size of the wood meal showed no effect upon the densities obtained, 
indicating that the equilibrium penetration and the total surface are indepen¬ 
dent of the particle size. Check experiments in all cases showed a maximum 
observed deviation of 0.4 per cent from the mean density value. 

Organic liquid displacement. 

Table II shows the effect of the displacement liquid upon the apparent 
density of the wood substance. The liquids that were used are placed in the 
table approximately in the order of their increasing polarity. The apparent 
density appears to be dependent upon the polarity of the displacement liquid, 
an increase in polarity giving an increase in apparent density. The densities, 
viscosities, and compressibilities of the displacement liquids apparently have 
no effect. With very viscous liquids like ‘‘Stanolax,^^ a heavy hydrocarbon 
oil, and glycerine a longer and more vigorous treatment is required to remove 
all of the air from the wood capillaries, but the equilibrium values, neverthe¬ 
less, seem to be independent of the viscosity. The non-polar liquids seem 
also to show a smaller adhesion tension towards wood than the polar liquids 
and in consequence cither less penetration of the wood, a lower degree of 
surface compression, or orientation of the adsorl>ed surface layers. 

Table II 

Apparent Densities of Alaska Cedar Wood Substance ground to pass 20 
Meshes to the Inch, obtained by Displacement with Different 
Liquids at 2 5°C/. 


Displacement 

Density of 

Number of 

Apparent 

liquid 

liquid 

d 5 

determinations 

density of 
wood substance; 
heartwood only 

‘‘Stanolax*’ 

0.8694 

I 

1.460 

Carbon disulfide 

I .2562 

2 

1.474 

Carbon tetrachloride 

I.5840 

3 

1.474 

Benzene 

0.8727 

7 

1.476 

Dimethyl aniline 

0.9529 

I 

1-477 

Nitrobenzene 

1.2020 

1 

1.478 

Chloroform 

1.4716 

2 

1.478 

n Butyl alcohol 

0.8134 

I 

1.482 

n Propyl alcohol 

0.8023 

2 

1.481 

Glycerine 

1-2523 

I 

1.484 

Ethyl alcohol (absolute) 

0.7856 

3 

I -537 

Ethyl alcohol (95 per cent) 

0.8056 

I 

I -547 

Water 

0.9970 

6 

1.548 
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Whether the differences in apparent density are due to differences in 
penetration, in adsorption compression, or in both is a difficult question to 
answer. The same problem has arisen in the studies of the apparent densities 
of charcoal. Cude and Hulett^^ attribute such differences to differences in 
penetration, whereas Williams^^ and Harkins and Ewing'* have evidence in 
favor of the adsorption-compression view. The latter investigators cal¬ 
culate from their data adsorption-compression pressures of 10,000 atmos¬ 
pheres and greater. Lowry on the other hand shows no partiality to either 
of these views, believing that with the proper technique very similar values 
can be obtained with quite different displacement hquids. 

It is desirable to call attention here to the fact that the degree of swelling 
of wood in itself has no effect upon the values obtained for the true density. 
Swelling, which affects the dispersion of the material in the cell wall, will of 
course make the internal structure more accessible to the displacement 
liquid and will thus increase the calculated value of the density. This effect, 
however, is identical with that caused by the differences in penetration of 
various liquids and thus need not be considered separately. Swelling cannot 
affect the true density of wood substance, because the true density is the value 
for the ultimate material that is impermeable to both liquids and gases. 

Helium gas displacement 

Because an accepted explanation of the deviations in their apparent 
densities in different liquids was lacking for other materials as well as for 
wood, measurements using helium gas for displacement were undertaken 
by the author in the hope of clarifying the situation. Howard and Halett'* 
had found that the adsorption of helium by charcoal was negligible at room 
temperatures. Since the adsorption of other gases by wood is much less than 
that by charcoal, the author assumed in carrying out his work that the ad¬ 
sorption of helium by wood is also negligible. Davidson* has assumed in a 
similar manner that the adsorption of helium gas by cotton is negligible; he 
further strengthened his assumption by showing that the densities obtained 
by making his measurements at different pressures of helium gas were the 
same. 

Table III records the apparent densities of wood substance calculated 
from the displacement of gases on the basis of no adsorption of the gas, and 
also the adsorption of each gas (the increase in the observed volume of the 
wood caused by immersion in the gas) determined on the assumption that 
immersion in helium gave the true volume of the wood. The adsorption 
values for spruce are approximately one one-thousandth of the corresponding 
ones for charcoal.'* 

“ J. Am. Cbem. Soc., 42 , 391 (1920). 

Proc. Roy Soc , 98 , 223 (1920). 

“ J. Am. Chem. Soc., 43 , 1787 (1921). 

J. Am. Chem. Soc., 46 , 824 (1924). 

J. Phys. Chem., 28 , 1082 (1924). 

^ Hempel and Vater: Z. Elektrochemie, 18 , 724 (1912). 
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Table III 

Apparent Densities of Sitka Spruce Wood Substance, obtained by Displace¬ 
ment with Different Gases at 25°C., and the Volume of Gas adsorbed, 
assuming that Helium Gas gives the True Density 


Displacement 

gas 

Number of 
determi¬ 
nations 

Apparent 
density of 
wood substance; 
heartwood only 

CC. of gas 
adsorbed per gram 
of wood, at 760 
mm. pressure 

Helium 

5 

1.522 

o.obo 

Hydrogen 

2 

I -553 

0.013 

Nitrogen 

3 

1-570 

0.020 

Oxygen 

2 

1.626 

0.042 


The density measurements using helium gas, a volumetric method, could 
not be checked with quite the accuracy of the pycnometric measurements, 
which were obtained by weighing, the maximum observed deviation from 
the mean being 0.7 per cent. As in the case of the pycnometric measure¬ 
ments, the density value obtained is not affected by the size of the wood 
particles. 

Comparison of densities in different media. 

Table IV compares the densities obtained with helium gas, water, and 
benzene as the displacement media for several different species of wood. The 
values obtained with helium gas are intermediate to those for water and for 
benzene displacement. 


Table IV 


Summary of the Apparent Densities of Wood Substance at 25^0. for Different 
Species, determined with the Three Types of Displacement Media 



Density with 

Apparent den¬ 

Diffei ence Apparent den- 


helium gas 

sity with water 

between sity with benzene 





water 

Species of 

Number of Number of 

and Number of 

wood; 

determi- Value determi- 

Value 

helium determi- Value 

heartwood 

only 

nations 

nations 


values nations 

Alaska cedar 

2 I-536 

6 

1.548 

+0.012 7 1.476 

Sitka spruce 

5 I-S22 

5 

1.528 

+0.006 I 1 .471 

Western yellow pine 

2 1.520 

2 

1.529 

+0.009 

Yellow poplar 

2 1.508 

2 

1.516 

+0.008 

Red fir 

2 1.518 

4 

1-533 

+0.015 

Western red cedar 

3 1-503 

2 

1.521 

+0.018 - - 

Redwood (extracted) 

3 1-495 

2 

1.511 

+0.016 - - 

Redwood (not extracted) 4 i. 484 

2 

1.506 

+0.022 

Loblolly pine 

— 

3 

I-531 

- I I.466 


White oak 


- 5 1-540 


1-473 


Afisuming that the helium gas displacement gives the true density of 
wood substance, which would be the case if penetration were complete and 
there were no adsorption, the results indicate that the difference between the 
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values obtained by water and by benzene displacement is due to both an ad¬ 
sorption compression effect with water and to lack of complete penetration 
by benzene. 

The mean compression in the adsorbed water film can be calculated 
approximately by assuming that the difference between the specific volumes 
of wood substance in water and in helium gas are due to a compression that 
takes place entirely within the volume of water that is adsorbed by the wood 
in securing equilibrium with loo per cent relative humidity. For Alaska 
cedar this volume is about 0.285 cc. per gram of wood. The resulting com¬ 
pression amounts to 0.0195 cc. per gram of wood. Dividing this figure by 
the compressibility of water per atmosphere of applied pressure a mean 
adsorption compression pressure of 433 atmospheres is obtained. The force 
of adhesion between wood and water must be equal to or greater than the 
cohesion of water itself because of the fact that wood can be completely 
wetted by water. The cohesion of water has been determined by Edser'^ 
to be about 12,450 atmospheres. If, for purposes of calculation, it is assumed 
that the adhesion between wood and water is just equal to the cohesion of 
water, and that the attractive force varies as the fifth power of the distance 
from the surface, as was found to be the case by Edser,'’ then the film that 
shows a mean compression of 433 atmospheres will have an effective thickness 
of 30 molecular diameters or 9.2 m/x. This value for the mean thickness of 
the adsorbed water film on wood is of the same order of magnitude as values 
obtained by other investigators for other materials. McHaffie and Lenher^® 
found the thickness of the adsorbed film of water on glass, quartz, and platinum 
plates in equilibrium with saturated vapor to exceed 100 molecular dia¬ 
meters. Calculations from the data given by Edser^^ indicate that an ad¬ 
sorbed film 600 molecules thick can be held against gravity. It is natural 
that the value obtained for the mean thickness of the adsorbed film of water 
on wood should be less than these two values since the thickness of a large 
part of the adsorbed water is limited by the fine closed capillary structure. 

Another interesting approximate calculation can be made. Dividing the 
volume of the adsorbed water by the mean thickness of the adsorbed film 
gives 310,000 sq. cm. total adsorbing surface per gram of wood substance. 
The total surface of the microscopically visible structure can be estimated 
from some previous results of the author’s.^® A square centimeter of a trans¬ 
verse section of Alaska cedar contains about 135,000 cell cavities of 0.002 
cm. average diameter. Since the internal surface of all the cell cavities in a 
cubic centimeter of such wood is substantially equal to that of 135,000 tubes 
of the same diameter and of uniform bore and i cm. long, the total internal 
area of a cubic centimeter is 850 sq. cm. Per gram of wood the surface will 

^Tourth Report on Colloids,*' British Association for Advancement of Sci^ce, pp. 
40-114 (1922). 

J. Chem. Soc., 127 , 1559 (1925), 128 , 1785 (1926). 

J. Agr, Research 38 , No. 2 (1929). ‘The Capillary Structure of Softwoods. II.—As 
indicated by Hydrostatic Flow Studies.” 
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be above the value divided by the bulk density of the wood, or 1930 sq. cm. 
Thus, only about 0.6 per cent of the total adsorbing surface is visible under 
the microscope. 

Though the adsorption compression effect with water accounts for part 
of the difference between density values of the same wood substance as 
determined with water and with non-polar organic liquids, the effect of in¬ 
complete penetration of the organic liquids presumably is responsible for the 
major part of each difference. 

The figures of Tables II and IV indicate that if accurate values for the 
absolute density of wood substance are required, the determinations should 
be made with helium gas. For ordinary purposes, however, the apparent 
densities determined by water displacement should suffice. 

Temperature coefficient. 

The effect of temperature upon the densities of wood substance as obtained 
with the three different displacement media is given in Table V. The tempera¬ 
ture coefficients for each of the media are the same, each showing a linear de¬ 
crease in density, at the same rate, with an increase in temperature. David¬ 
son® found practically the same temperature coefficient for the density of 
cotton cellulose in water. His temperature coefficient for toluene displace¬ 
ment, however, was somewhat smaller. The fact that the three different 
media give the same coefficient is a strong indication that neither the equili¬ 
brium penetration for benzene nor the adsorption compression film for water 
is appreciably affected by temperature, over the range investigated. The 
thermal coefficient of cubical expansion of Sitka spruce wood substance cal¬ 
culated from these data is 3.7 X lo”*^ per degree centigrade. The measured 
external cubical expansion of a block of wood caused by heat will be h'ss than 
the value calculated hy means of this coefficient, because part of the ex¬ 
pansion of each cell wall will be relieved inward, in the internal capillary 
structure, in the same way that swelling caused by a liquid is partially relieved. 
Measurements on blocks of Sitka spruce with radial and tangential dimensions 
5 by 5 centimeters and a length of 0.7 centimeter gave a coefficient of 


Table V 

Effect of Temperature on the Density of Sitka Spruce Wood Substance; 

Heartwood only 


Temj)grature 


Density with 
helium gas 


Number of 


Apparent Density 
with water 

Number of 


Apparent Density 
with benzene 

Number of 



determi¬ 

nations 

Value 

determi¬ 

nations 

Value 

determi¬ 

nations 

Value 

10.0 

2 

1-533 

2 

1-536 

I 

1.479 

25.0 

5 

1.522 

5 

1.528 

I 

1.471 

40.0 

2 

i-SU 

2 

1-519 

2 

1.462 


Density at t®C. « Density at o®C. (i — 0.00037 t). 
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cubical expansion of i.o X per degree centigrade. Villars*® reported 
values ranging from 0.72 X 10"^ to 1.25 X 10“^ per degree centigrade for 
different species of wood. According to these figures only about one-third of 
the thermal expansion manifests itself in a change in the external dimensions. 
Roth,*^ by microscopical measurements, found that same fractional part of 
the swelling due to adsorption of water by the cell wall to be transmitted 
externally. 

Densities of wood constituents. 

Table VI gives the densities of cotton cellulose as determined by water 
displacement and by displacement with different organic liquids. The same 
increase in density with an increase in polarity of the liquid used for dis¬ 
placement that was shown in Table II for Alaska cedar wood substance 
exists here. The densities of cotton cellulose, however, are definitely higher 
than those of wood substance. Cross and Bevan wood cellulose gave values 
similar to those obtained with cotton cellulose. Lignin isolated from wood 
by dissolving the cellulose in 72 per cent sulfuric acid gave a considerably 
lower density. 

Wood is made up of from 50 to 60 per cent of cellulose, 20 to 35 per cent 
of lignin, and smaller amounts of pentosans and other carbohydrates together 
with extractives. The data for redwood (Table IV) show that the density of 


Table VI 

Apparent Densities of the Constituents of Wood Substance, at 2S®C. 


Displacement 

Material liquid 

Number of 
determi- 

Apparent 

density 

Cellulose 


nations 

Cotton, sterile absorbent 

Water 

I 

1.598 

Same, benzene-washed 

Do. 

I 

1.600 

Same, alcohol-washed 

Do. 

I 

1*597 

Cotton, sterile absorbent 

Benzene 

2 

1*574 

Do. 

Carbon 

disulfide 

I 

1-576 

Do. 

Chloroform 

I 

1*577 

Do. 

Propyl- 

alcohol 

1 

1-583 

Do. 

Ethyl alcohol 
(absolute) 

I 

1.590 

Wood cellulose, Cross and Bevan 

Catalpa heartwood 

Water 

I 

1-594 

Do. 

Benzene 

I 

1-571 

lignin, insoluble in 72 per cent H2SO4 

Western yellow pine heartwood 

Water 

I 

> ’t-451 

Do. 

Benzene 

I 

1-436 
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the extractives is less than that of the wood substance, for removing the 
extractives increases the density. Richter® made this same observation with 
black and with white spruce. Assuming 60 per cent of the wood to be made 
up of cellulose (density 1.594) and the remaining 40 per cent to be made up 
of lignin (density 1.451), together with materials of similar density, the cal¬ 
culated density of wood substance would be 1.538. This agrees satisfactorily 
with the values for the density of different wood substances listed in Table 
IV. Even if the densities of all of the isolated constituents could be accounted 
for, exact agreement between observed and built-up total values could hardly 



Effect of solutes upon the apparent density of wood substance: 


O Glucose 
• Glycerine 
Q Acetic Acid 
a NaCl 
9 HCl 


0> KOH 
(3 BaCU 
® H 2 SO 4 
c KsP04 
6 h,p04 


be expected, since lignin undoubtedly is changed in the process of isolation. 
The deviations in the densities of wood substance for the different species 
can also be accounted for in a general way by the slight variations in composi¬ 
tion. For example, a sample of western yellow pine containing 57 per cent 
of cellulose and 27 per cent of lignin has a higher density than a sample of 
redwood that is made up of only 48 per cent cellulose and 34 per cent lignin. 

Displacement oj various aqueous solutions. 

Table VII gives the apparent density of Alaska cedar wood substance as 
determined in different aqueous solutions at various concentrations. In 
Figure 2 the apparent densities are plotted against the concentration in mols. 
per liter. In all cases there is a decided drop in apparent density with an in- 
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crease in concentration. All of the curves are definitely parabolic. The 
non-electroljrtes, glucose and glycerine, depress the apparent density to the 
same extent with an increase in molal concentration. The weak electrolyte, 
acetic acid, shows a similar depression. The strong electrol3rte, sodium 
chloride, on the other hand gives the same depression of apparent density 
with about half as great a molal concentration. Barium chloride does it foi 
one-third the concentration and potassium phosphate for one-fourth. These 
facts make the drop appear like a vapor-pressure depression or an osmotic- 
pressure phenomenon, that is, the depression in apparent density seems to be 
proportional to the total number of ions plus undissociated molecules making 
up the solution. Though the dissociation of these salts is by no means com¬ 
plete, it is approximately so within the accuracy of these determinations. 
Sulfuric acid is not so greatly dissociated as the tri-ion salt, barium chloride; 
thus a greater concentration of the acid is required to give the same depression 
in apparent density. The same is true of phosphoric acid but to a consider¬ 
ably greater extent; a concentration of the acid twice that of the correspond¬ 
ing salt is required to give the same depression in apparent density. The 
degree of dissociation of the salt is likewise about twice that of the acid. 

Table VII 

Effect of Aqueous Solutions upon the Apparent Density of Alaska Cedar 

Wood Substance at 2 5®C. 


Solute 

Concentration 
mols. per liter 

pH 

Apparent density of 
wood substance; 

Glycerine 

0.0223 

heartwood only 

1536 

Do. 

0.1115 


1524 

Do. 

0-535 


1-517 

Do. 

2.230 


1.510 

Glucose 

0.0406 


1-533 

Do. 

0.164 


1.526 

Do. 

0.420 


1.518 

Do. 

0.793 


1.516 

Acetic acid 

0.233 

2-5 

1-524 

Do. 

2.33 

1-7 

1-512 

NaCl 

0.075 


1-526 

Do. 

0.300 


1-518 

Do. 

0.600 


1-511 

Do. 

1.200 


1-507 

Do. 

2.400 


1.506 

HCl 

0.03s 

i-S 

1-528 

Do. 

0.223 

0.7 

1.520 

Do. 

0 

d 

0.6 

1.518 
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Table VII (Continued) 


BaCl* 

0.0240 


1-527 

Do, 

0 . 096I 


1.520 

Do. 

0 . 2402 


1-515 

Do. 

0.4805 


1.509 

Do. 

0.9610 


1.508 

H2SO4 

0.0077 

2.5 

1-530 

Do. 

0.270 

0.5 

1-515 

K3PO4 

O.OI7I 


1.526 

Do. 

0.0683 


1.521 

Do. 

0.1708 


1-514 

Do. 

0 3415 


1.508 

Do. 

0.6830 


1-507 

H3PO4 

0.550 

1.0 

1-513 

Water 


5-6 

M 

(.a 

00 

KOH 


71 

I-S 4 I 

Do. 

0.00001 

9.2 

1-523 

Do. 

0.101 

13.0 

1.498 (i) 

Do. 

I.OI3 

13-9 

1.484 (2) 

Water 


5-6 

I-541 (3) 

Do. 


5.6 

1-533 (4) 


• (3) is the water-displacement value of the apparent density for the W'ood sample of 
(i), after the sample had been washed free from alkali. (4) is the similar value for (2). 

One marked exception to the preceding generalization, that the relative 
depression of the apparent density is proportional to the combined ionic and 
molecular concentration of the solution used for displacement, was found, 
namely, strong alkalies. Potassium hydroxide depressed the apparent den¬ 
sity to a far greater extent than would be expected from the other results. 

Adsorption 

The decrease in the apparent density of wood substance with increase in 
concentration of the solution employed can be more readily explained after 
stud3dng the adsorption of solutes by wood. Table VIII gives the results of 
a series of adsorption experiments. To respective samples of 2.000 ± 0.001 
grams of oven-dry Alaska cedar meal 25 or 50 cc. of each of the aqueous 
solutions was added. The concentrations given are with respect to the ion 
indicated. The determinations of the cations and anions were not made on 
the same solution, hence the difference in their concentrations. The samples 
of the adsorption systems were sealed in weighing bottles for at least 12 hours 
before the analysis was made in order to insure the attainment of equilibrium. 
Blank determinations were made in each case and any slight necessary 
correction was applied. 
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Table VIII 

Adsorption of Salts by Alaska Cedar Heartwood at 2S®C. 


Salt 

Ion 

determined 

Mols. per liter 
concentration 

After 

Originally adsorption 

Volume of 
solution 

Cc. 

Mols. adsorp¬ 
tion per of 

wood 

KOH 

OH- 

I. 0130 

0.9180 

50 

+0.002375 

KOH 

OH- 

0.1013 

0.05670 

SO 

+0.00112 

HCl 

H+ 

I. 1130 

1.11323 

SO 

—0.000006 

NaCl 

ci- 

0.21002 

0 . 2 II 2 S 

2S 

— 0.000015 

BaCl* 

ci- 

0.22215 

0.22310 

2S 

— 0.000012 

BaCls 

Ba++ 

0.19948 

0.19902 

SO 

+0.000012 

AlCU 

ci- 

0.30703 

0.30760 

2 S 

— 0.000007 

AICI3 

A 1 +++ ‘ 

0.2914 

0.2906 

SO 

+0.000020 


Potassium hydroxide alone showed a considerable positive adsorption as 
determined by the change in alkalinity. Hydrochloric acid on the other hand 
showed a slight negative adsorption from the change in acidity. The mono-, 
di-, and trivalent cation salts all gave a slight negative adsorption with 
respect to the chloride ion and a slight positive adsorption with respect to 
the cation. This indicates that the adsorption of salts is hydrolytic in charac¬ 
ter. Barium and aluminum hydroxides presumably are selectively adsorbed 
as a result of a surface hydrolysis of the salts, thus leaving the solution acid. 
The potassium hydroxide is adsorbed as such. In this case the extent of 
adsorption is not limited by the increasing counter tendency of the acid 
formed during the hydrolysis to cause a reversal of the reaction. The exis¬ 
tence of such hydrolytic adsorption has been recently confirmed by Miller,** 
through the use of ash-free charcoal. Though the wood used in the wood- 
density experiments had an ash content of o.i per cent, this content was 
almost entirely insoluble and siliceous in character. Hence the chances of 
the adsorption being an exchange adsorption are not great. 

Vignon** obtained a positive adsorption of sodium hydroxide and barium 
hydroxide on cotton cellulose, of the same order of magnitude as that of 
potassium hydroxide on wood. He further found a negligible adsorption of 
sulfuric acid. 

The selective and hydrolytic adsorption of OH~ ions and hydroxides ob¬ 
tained in the investigation reported here further agrees with the author’s** 
findings on the effect of electrolytes upon the contact potential of wood with 
respect to water. 

Not only is the adsorption by wood of electrolytes other than hydroxides 
very small, but that of nonelectrolytes is also. Some unpublished experiments 
by Salzberg of the Forest Products Laboratory indicate through optical 

“ “Colloid Symposium Monograph,” 5 , 55 (1927). 

” Compt. rend., 143 , 550 (1906). 

** “Colloid Symposium Monograph,” 5 , 361 (1927). 
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rotation measurements that glucose shows a slight negative adsorption on 
wood. Moreover, wood appears to show a selective adsorption of water from 
non-electrolyte solutions, and a selective adsorption of OH~ ions from elec¬ 
trolyte solutions. 

Discussion of Results 

The absence of any appreciable positive adsorption for all of the solutes 
listed in Tables VII and VIII, with the exception of potassium hydroxide, 
eliminates the possibility of the depression in apparent density of wood sub¬ 
stance with increase in molal concentration being due to a positive adsorp¬ 
tion, that is, to the solute being removed from solution with an increase in 
volume of the entire system. The increase in the volume of the system caused 
by the salt leaving the solution, however, may show a slight effect upon the 
apparent density of wood substance in the case of potassium hydroxide 
solutions. 

The decrease in the apparent density of wood substance with an increase 
in concentration of the solute presumably must then be due to a decrease in 
the surface adsorption compression of the negatively adsorbed water, a de¬ 
crease in the penetration of the solution, or both. The first possibility cannot 
entirely account for the phenomenon since the decrease in density is greater 
than that which would result if the adsorption compression were reduced to 
zero. There must then be a decrease in penetration of solution into the fine 
wood structure with a resulting increase in concentration. A sort of osmotic 
equilibrium may be set up with the wood substance acting as a kind of semi- 
permeable membrane, the fine structure being permeable to water but not 
to the solute. Such a condition would tend to prevent water from entering 
part of the internal structure, and the extent of this effect would be dependent 
upon the total ionic and molecular concentrations of the solute. 

To determine whether the abnormal effect of the potassium hydroxide was 
not due to a chemical action on the wood, the densities of wood substance 
determined in water after removing the alkali by washing are given at the end 
of Table VII. These show that the action of potassium hydroxide of appre¬ 
ciable concentration causes a permanent reduction in the density of wood 
substance, which increases with an increase in the concentration of the alkali 
used to treat the wood. Other investigators have found mercerization of 
cellulose to decrease its density permanently^^ as well as to change its X-ray 
crystal lattice diagram. This permanent effect of alkalies seems to manifest 
itself appreciably only in higher concentrations. It is well illustrated by the 
effect of alkalies on electroendosmose through wood membranes.^^ The 
so-called hydration of pure cellulose and of wood by alkali appears then to 
cause a distention of the crystal lattice of the wood. Such a distention would 
have to more than compensate for any presumed increase in surface, which 
would cause an increase in the extent of the surface compression film, in order 
to account for the decrease in apparent density of wood substance that was 
observed. 

^Herzog: Pulp and Paper Magazine of Canada, 24 , No. 24 , June 17 (1926); Natur- 
wissenschaften, 12, 955 (1924). 
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A similar distention of the crystal lattice of the material making up the 
cell wall of wood may also result from the addition of other electroljrtes, but 
to a degree less marked than with alkalies. Since the alkalies alone are 
strongly positively adsorbed and alone show a definite effect upon the crystal 
lattice, however, such distention of the crystal lattice for the other solutes 
is not probable. 

Summary 

The apparent density of wood substance in water, in organic liquids, and 
in various aqueous solutions has been determined, as well as its actual density 
in helium gas. The size of the wood particles has no effect upon the density. 

The densities obtained by means of helium gas displacement are slightly 
less than the apparent densities obtained by displacement with water, and 
are larger than the values obtained by displacement with non-polar organic 
liquids. The adsorption compression for water calculated from the various 
data is about 433 atmospheres, which corresponds to an average thickness of 
the adsorbed film of 30 molecular diameters and a total adsorption surface 
per gram of wood of 310,000 sq. cm. The microscopically visible, surface 
is about 0.6 per cent of this value. 

The effect of variations in temperature upon the density of wood substance 
was determined and the coeflicient of cubical thermal expansion of wood sub¬ 
stance was found to be 3.7 X 10“^ per degree centigrade. This is about three 
times the expansion transmitted to the external dimensions of a block of wood. 

The density of wood substance varies slightly among species as a result 
of variation in the chemical composition of the substance. The density of 
isolated wood cellulose is similar to that of cotton cellulose and is somwhat 
greater than that of wood substance in entirety. The density of isolated 
lignin is correspondingly less than that of wood substance. 

The presence of a solute in the aqueous displacing media causes a decrease 
in the apparent density of wood substance, in a parabolic fashion, with an 
increase in concentration. The depression seems to be a function of the total 
number of ions and undissociated molecules in the displacing solution. Alka¬ 
lies bring about abnormally great depression of the apparent density, and 
cause a slight permanent depression of it even after removal of the alkali; 
this is shown by subsequent water displacement. 

Of the materials studied, gases are but very slightly adsorbed by wood. 
Aqueous non-electrolyte solutions are negatively adsorbed, while aqueous 
electrolsie solutions show a selective and hydrolytic adsorption. Alkalies 
show a considerable positive adsorption and acids a negative one. The hy¬ 
droxides are hydrolytically adsorbed to a slight extent from their salt solu¬ 
tions. 

The values for the apparent density of wood substance, obtained by using 
different liquids for displacement, indicate that the finer structure of wood 
is not permeable to non-polar organic liquids. The permeability of this struc¬ 
ture increased with an increase in polarity of the displacement liquid. 



STUDIES ON THE PHYSICAL AND CHEMICAL PROPERTIES OF 
THE PLATINOCYANIDES. I 
The Hydrates of Lithium Platinocyanide* 

BY FRANK E. E. GERMANN AND O. B. MUENCH 

Potassium platinocyanide, or GmeUn's Salt, the first of the platino- 
cyanides known, was discovered by v. Ittner. Under the heading of double 
cyanides, Berzelius^ says in part: ‘The ability of iron to combine prussic 
acid with bases was long thought to be a property possessed by this metal 
only, and Porret and Robiquet claimed that iron is thereby combined with 
the constituents of prussic acid, to a new acid. In the meantime v. Ittner 
showed that this property of iron is shared by gold, silver, platinum and 
copper, whose cyanides (or iron-free prussic acid salts) are dissolved by the 
cyanide of potassium, among others, to real double cyanides or double prussic 
acid salts. These properties are shared according to Leopold Gmelin- by 
palladium, mercury, zinc and cobalt, and according to Woehler, by nickel. 
Gmelin described a new method for preparing the double cyanides of plati¬ 
num. The older method consisted in mixing platinic chloride with potassium 
ferrocyanide, and evaporating to crystallization. Gmelin^s method consists 
in mixing platinum sponge obtained from ammonium chlorplatinate, with an 
equal part of potassium ferrocyanide, and heating just up to incandescence, 
but no more. By this process a part of the iron is replaced by platinum, and a 
mixture of both salts is obtained. The double cyanide of potassium and 
platinum can be crystallized from the saturated water solution of the above 
salt mixture, and can be purified by repeated crystallization.^^ 

It would appear from the above that v. Ittner prepared potassium platino¬ 
cyanide by the following reaction: 

K4Fe(CN)6 + PtCU = K2Pt(CN)4 + 2KCI + FeCL + (CN).. 
However, the simplified reaction which usually bears v. Ittncr's name does 
not involve iron, and is written as follows: 

6 KCN + PtCU = K2Pt(CN)4 + 4KCI + (CN)2 

Gmelin^s method,® involving the use of platinum sponge can be represented 
by the following equilibrium reaction: 

K4Fe(CN)6 + Pt:?i±K 2 Pt(CN )4 + 2KCN + Fe. 

We have, at present, at least five distinct methods for the preparation 
of the various platinocyanides which may be tabulated as follows: 

I. By neutralizing the free acid with the base of the desired salt as in¬ 
dicated by the following equation: 

* Contribution from the Department of Chemistry of the University of Colorado. 

^ Berzelius Jahresber., 3 , 95 (1824). 

* Gmelin: J. Chem. Physik, (2) 6, 230 (1822). 

’ Gmelin: l.c. See also Gmelin: Handbuch, 1st ed., p. 1456. 
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H*Pt(CN)4 + 2KOH = KsPtCCN)* + 2HjO. 

2. By double decomposition of the metallic sulphate with barium 
platinocyanide in solution as follows: 

BaPt(CN)4 + KsS 04 = K,Pt(CN)4 + BaS04. 

3. The metallic platinocyanides, when insoluble in water may be formed 
by the following reaction: 

KjPt(CN)4 + CUSO4 = CuPt(CN)4 + K2SO4 

4. The alkali or alkaline earth cyanide solutions may be warmed with 
platinum salts, when the following reaction proceeds: 

6 KCN + PtCU = KsPt(CN )4 + 4KCI 4 - (CN)* 

5. The most recent method consists in passing an alternating electric cur¬ 
rent through platinum electrodes immersed in aqueous solutions of the 
cyanides of the alkali or alkaline earth metals, and is probably represented 
by the following equation: 

Pt + 4KCN + aHjO = K2Pt(CN)4 + 2KOH -I- H*. 

, Lithium platinocyanide seems first to have been described by Schabus,* 
and has received but little attention since that time. Weselsky^ claimed to 
have converted lithium platinocyanide to hthium platinicyanide, but his 
work was proved to be in error by Hadow® and later by Levy.® He does not, 
however, describe lithium platinocyanide, nor tell how he obtained it. Mar¬ 
tins® passes over the salt with the following brief statement: “Lithium platin- 
cyantir (LiCy;PtCy + 3 HO) erhielt ich beim FfiJlen von Barium platin- 
cyaniir mit schwefelsaurem Lithon als ein leicht krystallisirendes Salz von 
milchweisser Farbe und blauen Flachenschiller.” 

Sir James Dewar® made certain observations on the color changes which 
he had observed when a salt, which had been supplied to the Laboratory of 
the Royal Institution as “Lithium platinocyanide,” was cooled in liquid air. 
Dewar gave J. Emerson Reynolds’ some of the salt with which he had worked. 
Reynolds refers to the salt as “this nearly white crystallized substance” and 
later states that “Chemical examination of the Royal Institution specimen 
led to the conclusion that it was a mixture of the hydrated chloride, cyanide 
and sulfate of lithium with a platin-cyanogen salt of lithium, and that the 
proportion of the latter salt was small.—Hence the percentage of platinum 
compound present could not exceed 5 per cent of the mixture of salts.—I 
prepared afresh some pure lithium platinocyanide and obtained the salt in 
fine grai^green crystals when fully hydrated. On completely analysing 
these crystals they gave data agreeing well with the formula Li2Pt(CN)4, 
5H2O.” _ 

> Schabus: “Bestimmimg der Krystallgestalten in chemisohen Laboratorien erzeugter 
Produkte," page 43 (1855). 

’ Weselsky: Sitz. Akad. Wias. Wien., 20,282 (1856); J. prakt. Chem., 69, 276 (1856). 

‘Hadow: J. CSiem. Soc., 13,106 (1861). 

< Levy: J. Chem. Soc., 101, 1081 (1912). 

‘ Martius: “Ueber die Gyanverbindungen der FlatinmetaUe,” Inaug. Die*., Gottingen, 
page 45 (i860). 

• Dewar: Proc. Roy. Inst., 1895, 667. 

' Reynolds: Proc. Roy. Soc., 82A, 380 (1909). 
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Levy^ converted lithiam platinocyanide to lithium platinicyanide, but 
states nothing of the preparation or properties of the former salt. 

Terry and Jolly^ state that Baumhauer* described lithium platinocyanide, 
but this is not true, since the original article deals only with double salts of 
lithium platinocyanide vsrith potassium platinocyanide and rubidium platino¬ 
cyanide. 

From this small amount of experimental work, the various chemical dic¬ 
tionaries have obtained their data. Many errors have crept in, so that we 
find the degree of hydration for what is apparently the same hydrate given 
as 3H2O, 3?H20, 5H2O and xH2(). Some state that the salt is slightly soluble 
in water, while others state that it is very soluble. The color of the crystals 
is given as grass green, greenish yellow, rose red, blue, and milk white. In 
view of the above chaos, it was thought desirable to subject the salt to a 
systematic revision. 

Experimental 

Barium platinocAjanide. A very high grade of barium platinocyanide can 
be obtained on the market, which can readily be made more pure by several 
re-crystallizations. Accordingly, the second method, which involves the 
double decomposition of barium platinocyanide and lithium sulfate, was used 
in the preparation of the lithium platinocyanide. 

Lithium sulfate. The highest grade lithium sulfate obtainable was spec¬ 
troscopically free of potassium salts, but showed traces of sodium. For its 
further purification, advantage was taken of the fact that the solubility of 
lithium sulfate^ decreases about 10% in heating from 20 to 95°C. Accordingly 
a saturated solution was made at room temperature and heated to boiling 
and the precipitated salt filtered off while hot. In order to keep down the 
sodium content, it was necessary to use Pyrex in all the operations. Even 
with its use, the sodium content in the lithium sulfate was decreased with 
one precipitation, but increased if several precipitations were used. 

Lithium platinocyanide. A slight excess of lithium sulfate solution was 
added to one gram of barium platinocyanide in seventy-five c.c. of hot con¬ 
ductivity water. After standing on the hot plate over night, the barium 
sulfate was filtered off. The clear filtrate gave negative tests for both sodium 
and barium. The filtrate was evaporated almost to dryness and the lithium 
platinocyanide allowed to cr^^stallize. The crystals were then re-crystallized 
four times from alcohol and finally from conductivity water, to insure the 
absence of alcohol of crystallization. All operations were carried out in 
Pyrex with the result that the final product showed only traces of sodium 
as evidenced by the faintness of the D line. 

The hydrate thus prepared crystallized in long pointed needles having 
a grass green appearance. Parallel to the long axis (probably the C-axis) 

^ Levy; J. Chem. Soc., 101, 1091 (1912), 

* Terry and Jolly: J. Chem. Soc., 123, 2217 (1923). 

® Baumhauer: Z. Kryst. Min., 49, 113 (1911). 

* Etard: Ann. Chim. Phys. (7), 2, 547 (1894). 
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the crystals are bluish-green in appearance, while perpendicular to this axis 
the color appears to be more of a canary yellow with a slight tinge of green. 
It is very soluble in water. 

Determination of the Hydrates 

Thin films of the saturated solution of lithium platinocyanide were 
painted on microscope cover glasses by means of a rubber policeman. These 
samples were put in desiccators over the following per cents of sulfuric acid; 
(lo, 20, 30, 40, 50, 60, 70, 80). A sample of the dehydrated salt was also put 
in each one of these desiccators. These were allowed to stand at 2 5®C., and 
observed from time to time. It was soon evident that the samples over the 
10, 20 and 30 per cent acid were in solution, while the rest seemed to form 
stable salts. The samples over 80% acid appeared to be anhydrous. (De¬ 
terminations had been made over concentrated sulfuric acid and phosphorus 
pentoxide, and it was found that each of these readily and completely de¬ 
hydrated the salt). The anhydrous salt had a bright canary yellow color. 
This then gave a rough qualitative determination of approximately the con¬ 
centration of sulfuric acid over which certain forms of the salt are stable. 
More than this, after standing a while over the acids, there were certain color 
changes in the samples, which were proved to take place without decomposi¬ 
tion. Whenever the anhydrous salt is but momentarily exposed to the air, 
or over a lower concentration of acid (70% or less), the color immediately 
changes to tan. The grass green hydrate also begins to change to the tan after 
a few days, especially when over 6o%“7o% acid. When the tan hydrate is 
left a week or more, over the 70% acid, it changes to a dark green end finally 
becomes almost black with a purple metallic sheen. There was no abrupt 
change from one color to another over certain strengths of acid. 

To determine the hydrates quantitatively, use was made of the micro 
method devised by the authors' of this paper and was found especially suit¬ 
able for the determination of the hydrates of lithium platinocyanide. 

The densities of the sulfuric acid solutions which were used, were deter¬ 
mined by means of accurate hydrometers, and after each determination the 
density was checked by means of a sensitive Westphal chainomatic balance. 
This latter was necessary because of the change in density due to the acid 
taking up water from the salt and from the air. The percentages and vapor 
pressures of the acid solutions were obtained from the results of careful de¬ 
terminations by various experimenters.* After equilibrium conditions had 
been reached, for example, in a desiccator or the balance case, some of the 
acid was taken out and checked by means of the Westphal balance at the time 
a determination was finished. All the quantitative work reported in this 
paper was carried out at 25^0. 

Concentrated sulfuric acid completely dehydrated lithium platinocyanide. 
Several determinations leave no doubt on this point. The fact tjiat the salt 

1 Germann and Muench: J. Phys. Chem., 32, 1380 (1928). 

*Landolt~Bdmstein-Roth: ‘Tabellen,'' p. 265 (1912); R. E. Wilson: J. Am. Chem. 
Soc., 43, 721 (1921); J. Ind. Eng. Chem,, 13, 326 (1921). 
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is readily dehydrated over concentrated sulfuric acid, gives us a convenient 
starting and also reference point for the calculations of the amount of hydra¬ 
tion of the hydrates after a constant weight has been reached. 

Li2Pt(CN)4.4H20, Hydrate (a). The tan salt is readily obtained by 
exposure of the anhydrous (canary yellow) salt to the air, or a low concentra¬ 
tion of acid. When this experiment is performed in the balance, the color 
change is seen to be accompanied by an increase in weight until equilibrium 
conditions are reached. 

A saturated solution of lithium platinocyanide was painted in thin films 
on carefully weighed microscope cover glasses. These were dehydrated over 
concentrated sulfuric acid and the weights taken. 

The acid in the balance was then changed to 40% sulfuric acid (later 
50%, 60% and 70% were tried with the same result). One sample of the 
anhydrous salt was put in the balance in turn with each of the above con¬ 
centrations of acid and after equilibrium had been nearly established, was 
weighed, and re-weighed until constant weight was obtained. 

The detailed record of each of these weighings will not be recorded in this 
paper, but below is given a summary in the form of a table, of a few of the 
results and the calculations made from the weight of the anhydrous salt and 
the hydrate in question. On each side of it are given the weights that would 
have been obtained if the compound had consisted of a hydrate containing 
three and five molecules of water. This shows that the tan hydrate is the 
tetrahydrate. In the determination of each experimental figure, the pro¬ 
cedure outlined above was followed. 

Table I 

Weights in milligrams 


No. 

Wt. of 

Anhydrous 

Salt 

Wt. of 

Tan 

Hydrate 

Calculated 

to 

4H2O 

Calculated 

to 

3HaO 

Calculated 

to 

SHaO 

I. 

9.40 

11.50 

11.56 

11.02 

12.10 

2. 

10.60 

13.10 

13 04 

12.42 

13.64 

3* 

14.05 

17.19 

17.28 

16.47 

18.08 

4. 

4.3s 

5.34 

5.35 

S-io 

5.60 

5- 

3 70 

4.60 

4.55 

4-34 

4.76 

6. 

14.05 

17-25 

17.28 

16.47 

18.08 

7 - 

14.04 

17.26 

17.27 

16 -45 

18.06 

8. 

15.42 

18.90 

18.87 

0 

00 

M 

19.84 

9 - 

14.25 

17.50 

17.53 

16.70 

18.34 

10. 

13.14 

16.10 

16.16 

15-40 

16.91 


The conclusion drawn form the above summary of the this work is that 
the tan hydrate is: i 

Li2Pt(CN)4.4 H2O. (tan) 

No record of a tan hydrate can be found in the literature. 
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Li2Pt(CN)4.4HoO, hydrate (b).—In working with the tan hydrate, it 
was observed that the color gradually became darker and some samples 
became almost black. By putting samples of the tan hydrate into the series 
of desiccators, it was seen that a concentration of about 70% acid favored 
the most rapid formation of the black modification. The change was gradual, 
taking almost two weeks for completion. Over 55% acid, it was obvious that 
transformation to the black was taking place after two months, but it was 
by no means complete. The transformation was so gradual that no definite 
strength of acid could be considered as the limit of the change. 

The formation of the dark salt would indicate either decomposition, the 
formation of another hydrate, or another modification of the same hydrate. 
Quantitative determinations showed that there was no change in weight and 
that we were again dealing with a salt with four molecules of water of crystal¬ 
lization. That there was no decomposition was shown by transferring a 
black sample to a desiccator containing 30% acid and allowing it to take up 
moisture to form a solution, and then putting it over 40% acid. Under 
these conditions the green salt reappeared, which even under the microscope 
showed no traces of impurities. The weight of the green crystals obtained 
was identical to that of the original black form. 

Since the change to the dark hydrate is very slow, even over 70% acid, 
attempts were made to accelerate the change, or to find a catalyst that would 
speed up the transformation. Levy^ has shown that hydrogen, hydroxyl 
and cyanide ions are influential in producing such changes, when these ions 
are in contact with the solution from which the crystals are coming. In the 
present work it was found that the vapor from concentrated hydrochloric 
acid caused a rapid darkening, but there was also a change in weight. When 
70% sulfuric acid containing four ten-thousandths of one per cent of hydro¬ 
chloric acid was used the rate of change to the dark salt was about double 
that when pure 70% sulfuric acid was used. In this case there was no change 
in weight. A slightly greater increase in speed was obtained when a small 
lump of potassium cyanide was dropped into the 70% sulfuric acid. The 
HCN thus generated was volatile and was responsible for the change. Here 
again there was no change in weight. Hydrochloric acid added to 40% sul¬ 
furic had no effect, the tan going directly to the light green just as in the 
case of 40% sulfuric acid alone. 

A drop of piperidine or of ammonium hydroxide placed near the dark 
modification brought about decomposition with increase in weight. The 
samples could not be restored to their original weights by heating and sub¬ 
sequently placing over lower concentrations of acid. 

Solutions of sodium hydroxide having the same vapor tension as 70% 
sulfuric acid produced effects identical to those of 70% acid. Since this 
is non-volatile, the effect is one of pressure and not of OH ions. 

When the tan hydrate was placed in the presence of 70% acid and exposed 
to bright sunlight, darkening was very rapid, a decided green appearing in the 

^ Levy: loc. cit. 
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course of fifteen minutes. Ultraviolet light produced in the laboratory also 
had a very rapid effect. 

It would, therefore, appear that there are several factors which control 
the formation of the black modification from the tan. Light when allowed 
to strike the salt in the presence of a low pressure of water vapor causes a 
rapid change. Light in the presence of high vapor pressure of water has 
little or no effect. Hydrogen and cyanide ions seem to accelerate the change. 

The dark hydrate has a purple metallic sheen by reflected light. It 
seemed amorphous under the microscope. Its composition is: 

Li2Pt(CN)4.4H20 (black). 

Li2Pt(CN)4.4H20, Hydrate (c).—This is the very soluble grass green 
hydrate which is obtained by allowing solutions of lithium platinocyanide to 
crystallize from an aqueous solution of the salt. 

In order to find the highest vapor pressure over which it is stable, a 
systematic process of elimination was used, and it was found that at 25^0, 
the grass green crystals formed and remained stable over 38.6% sulfuric 
acid, while over acid, the sample remained liquid. From these facts, 

the vapor pressure at equilibrium of the system saturated solution-green 
hydrate at 2 5°C can readily be established. 

According to Wilson' the vapor pressure of a 40% sulfuric acid solution 
is 13.46 mm. Hg. The vapor pressure of 37.87% acid is 14.47 Hg. Then 
the calculated vapor pressure for 38.5% acid is 14.17 mm. Hg., and for 38.6% 
acid is 14.12 mm. Therefore at 25^0, the vapor pressure of the system sat¬ 
urated solution of lithium platinocyanide-green crystals is between 14.12 mm. 
and 14.17 mm. The most probable value, the average is 14.14 mm. Hg. This, 
then at 2 5°C, is the upper limit of vapor pressure at which the grass-green 
hydrate is stable, and is the vapor tension of the saturated solution at 2 5°C. 

The lower limit of vapor pressure at which the green hydrate is stable is 
arrived at in much the same general way. At 2 5°C in the presence of acid 
of a concentration greater than 73.4%, the sample lost weight, while over 
73.2% acid it was stable. This makes the vapor pressure of the system green 
hydrate-anhydrous salt at 2 5°C, 1.02 mm. Hg. This is generally called the 
vapor pressure of the grass green hydrate. 

Determination of the Composition of the Grass Green Hydrate. —Using the 
same method as before, it was found that over 40% sulfuric acid the green 
salt crystallized and came to constant weight. This weight showed the 
hydrate to have four molecules of water of hydration. This strange result 
was at first doubted, for the tan hydrate was definitely found to be the 
tetrahydrate. The same plan of procedure was followed as in the case of the 
tan hydrate, only in this case most of the samples were also taken to the tan 
hydrate, and the weight found to check with that of the green hydrate. The 
general plan was this: a sample from the saturated solution was painted on 
the cover glass and this immediately put in the balance over 40% sulfuric 
acid, and allowed to come to equilibrium, the loss in weight being followed 

'Wilson: J. Am. Chem. Soc., 43, 72! (1921). 
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from time to time till constant weight was obtained. To be absolutely cer¬ 
tain that there would be no further loss over this strength of acid, many of 
the samples were left in the balance for several days after constant weight 
had been obtained, and it was found that they neither gained, nor lost weight 
by as much as one-hundredth of a milligram. 

This same green hydrate was then dehydrated over concentrated sul¬ 
furic acid, and with concentrated acid in the balance, the weight of the anhy¬ 
drous salt obtained. This anhydrous salt was then allowed to take up mois¬ 
ture, in some cases from the air, in others over (40%, 50%, 60%) sulfuric 
acid, again to constant weight producing the tan hydrate. Thus nearly every 
sample was carried thru these three stages (grass green, anhydrous and tan) 
and in that way a weight of each modification obtained. 

Again, only a summary of a few of the experimental results of the work 
are given in Table II. While the table gives a few more values confirming the 
formula for the tan hydrate, its chief interest is in the fact that the weight of 
the green hydrate is identical (within the limits of experimental error) with 
the tan hydrate. Mixtures of the two modifications of the tetrahydrate, 
forming on the cover glass in the balance under certain conditions, also show 
the same weight as either the green or the tan salt. 

Table II 

Weight in Milligrams 



Wt. of 

Wt. of 

Wt. of 

Calculated 

No. 

Anhydrous 

Grass-green 

Tan Hydrate 

to 


Salt 

Hydrate 

4H2O 

4H,0 

I. 

11.02 

13-52 

13-52 

13-55 

2. 

11.50 

14.28 

14.18 

14.14 

3 - 

13-50 

16.60 

16.5s 

16.60 

4 ‘ 

17-34 

21.32 

21.30 

21.33 

5 - 

14.60 

17.96 

17.98 

17.96 

6. 

12.00 

14.78 

14.76 

14.76 

7 - 

19.65 

24.19 

24.17 

24.17 

8. 

20.42 

25.16 

25.16 

25.12 

9 - 

15-54 

19.12 

19.10 

19. II 

10. 

18.60 

22.88 

22.90 

22.88 


The conclusion drawn from the work summarized in the above table is, that 
the green as well as the tan salts are tetrahydrates, having the same general 
formula: 

Li2Pt(CN)4.4HsO (grass green) 

This is the well known hydrate which has been assigned various amounts of 
water of crystallization. Strangely enough, no one has given it the value 
of four molecules, which the above results warrant. 
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Summary 

1. The early history of the platinocyanides is traced and a summary 
of the methods which have been used in their production is given. 

2. A complete bibhography of all work done on lithium platinocyanide 
is collected and critically reviewed. 

3. Pure hthium platinocyanide has been prepared and its hydrates 
studied by means of a vapor tension method. 

4. Anhydrous lithium platinocyanide is formed at 2S°C when the pres¬ 
sure of water vapor is less than 1.02 mm. Hg. It has a canary yellow color. 

5. Lithium platinocyanide tetrahydrate is tan when formed at 25°C 
from the anhydrous salt by exposure to a pressure of water vapor greater 
than 1.02 mm. Hg. 

6. Lithium platinocyanide tetrahydrate in a black modification is pro¬ 
duced when the tan salt is exposed to bright sunlight, ultraviolet light, or is 
kept in contact with water vapor at very low pressures, but above 1.02 mm. 
Hg. Light alone will not cause this change if the pressure of water vapor 
is high. Hydrogen and cyanide ions catalyzed the change. 

7. Lithium platinocyanide tetrahydrate of a grass green color is the 
familiar salt which crystallizes from water solutions. It crystallizes in needles, 
whose structure could not be determined even when grown under the micro¬ 
scope. The equilibrium pressure of the water vapor of the system lithium 
platinocyanide tetrahydrate-saturated solution at 2S°C was found to be 
14.14 mm. Hg. 

8. It has been proved that lithium platinocyanide may be obtained as 
the anhydrous salt or with four molecules of water of crystallization. The 
other hydrates which have been reported do not exist. 



THE OXIDATION POTENTIALS OF SOME HYPOCHLORITE 

SOLUTIONS* 


BY Y. H. BEMINOTON AND H. M. TBIMBLE 

Berthollet/ as early as 1785, showed that solutions of chlorine in caustic 
potash do not weaken linen fabrics as do its aqueous solutions. Crossley® 
found that the hydrogen ion concentration of a solution has an important 
effect upon the oxidizing properties of hypochlorites toward cellulose, non¬ 
cellulose impurities in fibers of vegetable origin, and certain dyes, Weissen¬ 
bach and Mestrezat’ found that the effectiveness of Dakin-Daufresne hypo¬ 
chlorite solution in killing certain bacteria was much increased by rendering 
it slightly acid. Dunstan and his coworkers* have found that the secret 
of success in the use of hypochlorites in refining certain petroleum products 
lies in controlling the alkalinity of the hypochlorite solutions within rather 
narrow limits. Schwalbe and Wenzl® found that, in the course of bleaching 
with alkaline hypochlorites, the bicarbonates which form retard the reaction, 
and may even bring it to a standstill. It seems clear from these few examples 
that hypochlorites possess different oxidizing powers in different media; but 
our knowledge of their relative activities under various conditions is dis¬ 
tinctly limited. 

An oxidizing material is, in general, characterized by its power to yield 
oxygen, either directly or indirectly. This power may not extend to visible 
evolution of gas but, in any case, the oxidizing power of an oxidizing agent 
is greater the greater its tendency to yield oxygen. According to a theory 
which was first proposed by Nemst,' an electrode which is not attacked, 
when immersed in a solution of an oxidizing agent, adsorbs oxygen from it 
and acquires a charge. The potential so set up, then, is directly proportional 
to the osmotic pressure of oxygen in the solution, and so also to the oxidizing 
power of the solution. This theory accounts satisfactorily for the setting up 
of a potential under these circumstances. It seemed to us that it should be 
possible to get a measure of the oxidizing powers of solutions of hypochlorites 
by determining their oxidation potentials. 

A survey of the literature shows that but little work has been done upon 
the oxidation potentials of hypochlorite solutions, and that this work has 
given only disconnected and fragmentary data. 

Chemistry Department of the Oklahoma Agricultural and 

* Mellor: “Treatise on Inorganic and Theoretical Chemistry,” 2, 243 (1922). 

* A. W. Crossley: Pharm. J. 115,693-5 (1925). 

* R. J. Weissenbach and Mestrezat: Compt. rend. soc. Biol., 81, 93-6 (1918). * 

* A. E. Dunstan: J. Inst. Petroleum Tech., 10 ,201-15 (1924). 

‘ C. G. Schwalbe and H. Wenzl: Z. angew. Chem., 36,302-4 (1923). 

* W. Nemst: “Theoretical Chemistry,” Fourth Ed., p. 731 (1903). 
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Apparatus and Reagents 

The apparatus used in measuring the potentials consisted of an ordinary 
student potentiometer with the usual accessories. A tenth normal calomel 
electrode prepared according to directions given by Clark^ was used as refer¬ 
ence electrode. Electrodes of smooth platinum were used in this work. 
Measurements were standardized by means of a certified standard Weston 
cell. All pipettes, volumetric flasks and burettes used in the research were 
calibrated and the necessary corrections were applied. A special type of 
electrode vessel, shown in Fig. i, was developed for this work. 

Zonite, a commercial preparation of sodium hypochlorite, was used in 
some of the earlier experiments. All other chemicals were of the best C. P. 
grade. The conductivity water used in making up all solutions was prepared 
by redistilling a good quality of distilled water from alkaline permanganate. 

The hypochlorous acid which was used in most of the work was prepared 
in the following manner. Chlorine from a cylinder was passed into a suspen¬ 
sion of mercuric oxide, yielding a mixture of salts of mercury and hypo- 
chlorous acid. This solution was diluted so as to contain about one percent 
of hypochlorous acid, and then distilled under the reduced pressure produced 
by a filter pump. A slow current of air was drawn through the solution dur¬ 
ing the distillation. To secure a product yet more nearly free from hydro¬ 
chloric acid the solution was distilled a second time in the same manner. 
The final product was then analyzed by adding a known quantity of the 
solution to an acidified potassium iodide solution, and titrating the iodine 
which was set free with standardized sodium thiosulphate solution. The 
solutions were then diluted to approximately the concentration desired for 
our experiments with conductivity water and kept in brown glass bottles 
in a cool place until needed. Hypochlorous acid thus prepared contained 
only a very small trace of chloride. No solution more than two days old 
was ever used. The hypochlorous acid solutions were always analyzed just 
before they were used in experiments, and adjusted to the exact concentration 
which was wanted. 

The Experiments 

A large part of this investigation was of necessity given over to a study 
of the use of platinum electrodes in determining the oxidation potentials of 
hypochlorites in solution since it seems that this problem has never been 
satisfactorily solved. We have been unable to get any consistent results with 
platinized electrodes. We believe that they take up, either in preparation 
or while being used, impurities which act as ‘^poisons,” and which cannot be 
removed by any method of treatment which wc have tried. It was found 
that when an untreated electrode of smooth platinum, is put in contact with a 
solution of h3rpochlorite the potential usually changes regularly but it shows 
no indication of ever reaching any equilibrium value. Results with a given 
electrode are rarely or never twice the same. The potentials tend to fall 
lower and lower in successive experiments. Different electrodes seem to 

^ W. M. Clark: “The Determination of Hydrogen Ions,“ 2nd Ed., Chap. XVII (1925). 
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behave quite differently. The electrodes were treated at different times 
with chromic acid, concentrated and fuming nitric acid, solutions of caustic 
alkalies and alkaline solutions of potassium permanganate, followed by 
washing with conductivity water, without improving their performance. Treat¬ 
ments with alkaline solutions followed by concentrated nitric acid gave no 
better results. Evidently these treatments failed to clean the electrodes. 

If we accept Nernst^s theory as to the setting up of an oxidation potential 
in these experiments, it follows that any foreign substance which may be 
present upon the electrode at the start may hinder the adsorption of oxygen 



and so retard the establishing of a final equilibrium and cause the results to 
be irregular. Acting upon this suggestion, we cleaned an electrode by im¬ 
mersing it for some time in concentrated nitric acid, washed it thoroughly 
with conductivity water and heated it to a cherry red in the fiame of a bunsen 
burner. It was allowed to cool for an instant and then immersed in the 
solution, and readings were taken at once. The results were much better 
than previously. An approximate equilibrium was soon reached and results 
in successive experiments were fairly consistent. The beneficial effects of 
degassing the electrodes each time before using them were obvious. 

When an electrode is heated in the flame of a bunsen burner it may be¬ 
come contaminated by the gases of the flame. Then, too, the glass inseal 
which holds it is often cracked in the process. To overcome these difficulties 
we constructed an electrode which could be heated by passing an electric 
current through it. This consisted simply of a loop of platinum wire'about 
0.4 millimeter in diameter the ends of which were sealed through the ends 
of glass tubes as shown in C of Fig. i. Wire larger than 0.4 mm. in diameter 
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proved unsuitable, as it cracked the glass seal which held it when it was 
heated. At first copper wires were fused to the ends of the platinum wire 
and extended up the tubes, serving as leads. We found, that a potential 
was set up at the copper-platinum contact surface, and that, this contact 
potential varied by some millivolts from time to time. This difficulty was 
removed by using platinum wire connections welded to the wire of the 
loop. We found, however, that making contact with the loop by means of a 
column of mercury which filled the tube gave the same potential as did con¬ 
nections which were all of platinum, provided that the mercury was clean. 
This method of making the contact was used in all our careful measurements. 

A detailed account of all our efforts to evolve a standard method to use 
in treating our electrodes cannot be given at this point. As the result of 
much study, however, we found the following procedure to give satisfactory 
results. 

1. Place the electrode in hot, but not boiling, concentrated nitric acid 
for ten to fifteen minutes. 

2. Wash thoroughly with conductivity water after cooling and then dry 
the glass shank of the electrode with a clean lintless towel. 

3. Heat the platinum wire to dull redness for one or two minutes by 
passing a suitable electric current through it. 

4. After cooling, place it at once in the solution. 

The necessity for careful preparation of the electrode before each experi¬ 
ment, holding rigidly to the same routine method each time, cannot be too 
forcibly emphasized. 

Even with such treatment the useful life of an electrode is limited. It 
was found in many cases that when electrodes began to give erratic results 
the tips of the lead glass inseals had cracked. A very tiny crack, which ap¬ 
parently did not reach through to the mercury was sufficient to cause the 
trouble. Whenever a crack appeared the electrode was useless for further 
work. We believe that these cracks took up nitric acid during the treatment 
of the electrode and later yielded it to the solution at the electrode surface, 
thus causing the potential as measured to be abnormal and inconstant. 

It was found that electrodes made from new platinum wire were usually 
much better than those made from wire which had been used previously. 
We at first believed that this might be due to pitting of the wire by the hypo¬ 
chlorite solution, but careful examination under the microscope failed to 
reveal any apparent difference between new and used wire. The alteration 
in the surfaoe which occurred in service, if any, was certainly very slight. New 
wire only was used in making up electrodes for our careful experiments. 

Results were accepted as trustworthy in this work only when they had 
been secured with electrodes which (a) were free from mechanical defects, 
(b) which came to equilibrium normally and regularly as shown by measured 
potentials and (c) which had never given results which were erratic or ab* 
normal. We believe that these are safe criteria to employ. 
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Our first experiments with zonite solutions exposed to the air, using our 
best electrodes, never gave an equilibrium potential even in six to ten hours, 
though the potential rose only slowly after about thirty minutes. This con¬ 
stant rise in potential was not due to a conversion of hypochlorite to chlorate, 
for some experiments showed that solutions of sodium chlorate at concen- 
tions comparable to those which might result from our solutions showed 
much lower potentials than those given by zonite. It was found that solu¬ 
tions fresh from the original container always had a lower potential than 
those which had been in contact with the atmosphere. It seemed probable 
that this effect might be due to reaction of carbon dioxide of the air with 



Fig. 2 

Effect of eliminating CO2 from above Alkaline Hypochlorite Solutions 


the sodium hypochlorite to liberate hypochlorous acid. To test this matter 
an apparatus such as is shown in Fig. i was used. A stream of oxygen was 
first passed through a soda-lime tube to free it from carbon dioxide and then 
it was led into the cell over the solution. A fresh solution of zonite showed 
a slow rise in potential at first, and the potential became constant after about 
14 minutes. At the end of 24 minutes, a current of CO2 was substituted 
for the oxygen, and the potential rose 0.219 volts in the next 8.5 minutes. 
Carbon dioxide-free oxygen was then again passed, and the potenti 1 came 
to a halt almost at once. The results of this experiment are shown graphically 
in Fig. 2. Merely interrupting the stream of oxygen after equilibri|im had 
been reached, and breathing into the vessel caused the potential to rise 
abruptly by as much as 0.05 to o. i volt in several experiments. The necessity 
for excluding carbon dioxide from our alkaline solutions was apparent. 
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Effect of adding a Base or an Acid to Hypochlorite Solutions 

With the technique in hand, we first studied in a qualitative way the 
effect of progressively adding a base to a solution of hypochlorous acid, and 
then, reversing the process, the effect of progressively adding an acid to a 
solution of sodium hypochlorite. 

Twnety-five cubic centimeters of h3rpochlorous acid containing only a 
trace of hydrochloric acid were placed in the flask. A burette, filled with 
0.50 N. NaOH was placed so that its tip entered the cell through a hole in 
the stopper as shown in Fig. i, B. Carbon dioxide-free oxygen was passed 
during these experiments. Potential readings of the cell were taken every 



few minutes and after the lapse of ten minutes when approximate constancy 
had been attained a final reading was taken and recorded. Without removing 
either electrode from the cell, a measured quantity of base was admitted and 
the cell was swirled as much as connections would permit in order to facilitate 
mixing. Ten minutes later when approximate equilibrium had been reached 
another reading was taken and more alkali added as before. These operations 
were repeated until several cubic centimeters of base had been added in 
excess of the amount calculated as necessary to just neutralize the hypo- 
chlorous acid present. At this point a burette containing 0.50 N. HCl was 
substituted for that containing alkali. The cell was not otherwise disturbed. 
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Hydrochloric acid was then added step by step to acidify the solution, em¬ 
ploying the same routine method of addition as was used with the alkali, 
and the potentials corresponding to various quantities of acid added were 
determined. 

The results of the above experiments are shown graphically in Fig. 3. 
Since the curves have been carefully drawn to scale, tables giving the data 
will not be included. The graph is representative of several experiments 
which checked fairly well. The lower curve indicates the changes during the 
addition of alkali; the upper, those found during the addition of acid. 

The two **breaks’' in these curves, we find, occur respectively at the points 
where free hydrochloric acid and hypochlorous acid are just neutralized when 
adding the base; or first introduced when adding the acid. We have carried 
out similar titrations using tenth normal reagents and find that electrometric 
titrations of hypochlorite solutions to determine their hypochlorite content 
and the amount of added acid or base can be carried out using our technique. 
The process is tedious, because it is necessary to wait for ten minutes before 
taking the final readings, and somewhat inconvenient because of the ne¬ 
cessity for excluding carbon dioxide; but it is fairly accurate. We hope to 
study it in greater detail in the near future. 

Experiments in Buffer Solutions 

This set of experiments was, of course, qualitative rather than quantita¬ 
tive in nature, so far as a coordination between oxidation potential and 
hydrogen ion concentration is concerned. We next measured the oxidation 
potentials in buffer solutions, keeping the concentration of hypochlorite 
constant. 

A few experiments were first tried using a buffer mixture made up with 
KCl and HCl solutions. The maximum oxidation potential of HOCl in such 
mixtures was reached within a very few minutes, five or six at the most, 
and remained constant over a period of thirty minutes or more. Although 
these experiments were very satisfactory from that standpoint, CI2O and CI2 
were evolved quite vigorously. The concentration of HOCl necessarily 
diminishes rather rapidly under these conditions and the gases evolved have 
a serious destructive action upon the apparatus used. Solutions so buffered 
were, therefore, not investigated further. It seemd best to work with solu¬ 
tions which are more stable and, which correspond more closely to those 
which are commonly used in a commercial way. 

Phosphate buffer solutions were prepared after the manner outlined by 
Sorensen.^ He made up his buffer mixtures using fifteenth molal phosphate 
solutions. In our case, however, it was necessary to prepare more concen¬ 
trated solutions so that after mixing with the HOCl solution the phosphates 
present would have the concentration specified by him. Therefore, we used 
fifth molal solutions of Na2HP04 and KH2PO4 which were staqdardized 
by precipitating and weighing the phosphate as ammonium phospho- 
molybdate. Table I presents information concerning the composition of the 
' W. M. Clark: 'The Determination of Hydrogen Ions,’’ p. zi4. 
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mixtures used. Column 2 gives the pH to be established; columns 3 and 4 
give the amounts of .2 M. KH2PO4 and Na2HP04 respectively, to be taken; 
and column 6 gives the amount of water necessary to bring the volume of the 
solution to 50 C.C., the constant volume to which all solutions were diluted. 
For example, in making up buffer mixture No. i, we mixed 5 cc. of HOC! 
solution, 0.41 cc. of Na2HP04, 16.25 of KH2PO4 and 28.34 cc. of water. 
This final solution is of the same concentration in buffer agents as the first 
given by Sorensen and has a pH of 5.29. Walbum' states that the alteration 
of pH with temperature is for the most part negligible for phosphate buffer 
mixtures. Our experiments were carried out at room temperatures, which 
averaged about 24®C. 

Table I 

Composition of Mixtures following 
Sorensen’s Table 


Solutions mixed. 

HOCl Cont. .0102 gm. per cc. 

Na2HP04 .200 molal 

KH2PO4 .200 molal 


No. 

pH 

c c 

Na,HP04 

KH,TO 4 

c.c. 

HOCl 

c.c. 

HtO 

I. 

5-29 

0.41 

16.25 

5.00 

28 34 

2 . 

5 59 

0.83 

15-83 

5.00 

28.34 

3 - 

6.24 

3-33 

13-33 

5.00 

28.34 

4 - 

7.16 

11.68 

5.00 

5-00 

28.34 

5 - 

7-73 

15.00 

1.66 

5.00 

28.34 

6. 

8.04 

15-83 

0.83 

5.00 

28.34 


Table II 

Composition of Mixtures following Auerbach and Pick’s Table 
Solutions mixed. 

HOCl cont. .0102 gm. per cc. 

Na2C03 .400 molal 

NaHCOa . 400 molal 


No. 

pH 

Na,CO, 

NaHCO, 

C.C. 

HOCl 

c.c. 

H20 

7. 

8.3s 

0.00 

25.00 

5.00 

20.00 

8. 

8.90 

1-2$ 

23-75 

5.00 

20.00 

9 - 

91S 

2.50 

22.50 

5.00 

20.00 

10. 

10.10 

12.50 

12.50 

5.00 

20.00 

II. 

10.65 

20.00 

5.00 

5.00 

20.00 

12 . 

”59 

25.00 

0.00 

5.00 

20.00 


To cover a more alkaline range of pH, Auerbach and Pick^ used buffer 
solutions consisting of mixtures of sodium carbonate and sodium bicarbonate. 
We prepared .4 molal solutions of NaaCOs and NaHCOs and from them made 

‘ W. M. Clark: ‘The Determination of Hydrogen Ions,'' p. 116. 

* W. M. Clark: “Determination of Hydrogen Ions," p. 323. 
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up solutions of the concentrations given by Auerbach and Pick. Table II, 
similar to that on the phosphates, furnishes information concerning the com¬ 
position of each of our solutions for the pH values given* The method which 
we used in making up thsee solutions has been given above. 

In these buffered solutions the normality of the hypochlorous acid was 
about 0.02, while the combined molal concentration of the salts of the buffer 
mixtures was 0.2 M in the carbonate, and 0,067 M. in the phosphate buffer 
mixtures. 



Oxidation Potentials of Hypochlorite at Various Hydrogen Ion Concentrations 

Now hypochlorous acid is a very weak acid. Noyes and Wilson^ find that 
its ionization constant in .001 normal solution is 6.79 X io~^®. Sand* found 
the value 3.7 X io~®. Results by other workers are in substantial agreement 
with these. Since the free hydrochloric acid present in our stock solutions 
was never more than sufficient in amount to give a very faint opalescence 
when silver nitrate solution was mixed with the solution of hypochlorous acid, 
it seems safe to assume that the concentration of hydrogen ion in them was 
very small. We believe, therefore, that the hydrogen ion concentrations in 
the solutions whose oxidation potentials were determined were not sensibly 
different from the hydrogen ion concentrations characteristic for, the buffer 
mixtures themselves. 


W. A. Noyes and Thomas A. Wilson: J. Am. Chem. Soc., 44, 1634 (*>22) 
J. Sand: 2 . physik. Chem., 48 , 610 (1904) 
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The usual course of the building up of a potential with hypochlorite in a 
buffer solution, using an electrode prepared as previously described, may be 
set forth at this point. A rapid rise of o.oi volt, or a little more, took place 
in the first few minutes, and the potential approached constancy after 8 or 9 
minutes. The next five minutes showed an increase of only i or 2 millivolts. 
At the end of this time there was no further change in potential in most cases. 
In some instances a further rise occurred, but this rise was never more than 
one millivolt in the ensuing 15 minutes. We therefore, took the potential at 
the end of fifteen minutes as the equilibrium potential for the solution which 
was being examined. 

In this work we did not depend upon results found with any one electrode 
or set of electrodes, but we used several in rotation, cleaning them carefully 
between determinations, and we always repeated the measurements two or 
three times with different sets of newly constructed electrodes. 

The results of our work with buffer solutions are given in the Tables 
III and IV and shown graphically in Fig. 4. Each value is the mean of those 
found in many detenninations. The potentials as measured differed from 
these values in every case by not more than ^=.004 volts. The concentration 
of HOC! in these buffered solutions was in every case .00102 grams per cubic 
centimeter. 


Table III 

Variation of Potential with pH with Sorensen’s Phosphate Mixtures 


pH 

Cell 

Potential 

Oxidation 

Potential 

pH 

Cell 

Potential 

Oxidation 

Potential 

S '20 

0.934 

I .272 

7.16 

0.820 

1.158 

S '59 

0.912 

1.250 

7-73 

00 

0 

0 

I-I 35 

6.24 

0-873 

1.211 

8.04 

0.790 

I 127 



Table IV 



Variation of Potential with pH with Auerbach and Pick’s C’arbonate Mixtures 

pH 

CeU 

Potential 

Oxidation 

Potential 

pH 

Cell 

Potential 

Oxidation 

Potential 

00 

0-777 

1.115 

10.10 

0.623 

0.961 

8.90 

0.723 

1.061 

10.65 

0.584 

0.922 

9 ' IS 

0.69s 

^•033 

11-59 

0.546 

0.884 


We are at a loss to explain adequately the discontinuity of the curves as 
found with phosphate and with carbonate buffer mixtures. Certainly the 
small quantity of hypochlorous acid added could not shift the hydrogen ion 
concentrations of the buffer mixtures in such manner as to give these dis¬ 
crepancies. We believe that the reason for this failure to give a continuous 
curve lies in some intrinsic difference in the actions of phosphate and car¬ 
bonate buffer mixtures;—that is, in a specific ‘‘salt effect.’’ 

Other buffer solutions cover the range which we have investigated, but 
those whose pH values are well established contain organic components and 
so could not be used in conjunction with hypochlorites. 
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It was planned to repeat these experiments with buffered solutions, 
using sodium hypochlorite, but lack of time prevented. A few preliminary 
experiments, however, showed that solutions of sodium hypochlorite and 
hypochlorous acid at the same concentration, in terms of available chlorine, 
gave nearly the same potentials in a solution of given pH, those with sodium 
hypochlorite being, in general, slightly lower. 

Our results, though they only partially cover the field, show, we believe, 
that the oxidizing power of hypochlorite solutions increases as one passes from 
alkaline to acid solutions. This is in agreement with the information upon 
this subject which is now available in the literature. 

This work seems to indicate, in a rough way, that the oxidizing power of a 
h3rpochlorite solution is directly proportional to its hydrogen ion concen¬ 
tration. 

Summary 

The oxidation potentials of hypochlorous acid and sodium hypochlorite 
in various solutions have been determined. A great part of the work was 
given over to a study of the method of measuring these potentials at platinum 
electrodes, and an apparatus for their measurement has been evolved. A 
method of treating the electrodes which gives reproducible potentials has 
been worked out. The oxidizing power of hsrpochlorites in solution as meas¬ 
ured indirectly by potentiometric methods increases with acidity, that is, with 
increase in hydrogen ion concentration. It has been found possible to deter¬ 
mine roughly the hypochlorite content and the amount of added acid or base 
in hypochlorite solutions by electrometric titration. Buffered solutions of 
the hjrpochlorites are more stable and give much more readily reproducible 
potentials than do unbuffered solutions. Slightly alkaline solutions of the 
hypochlorites are very readily decomposed by action of CO* of the air, with 
a marked increase in oxidizing power. 

StiUvxUer, Oklahoma. 

September 4 , 1928. 



THE EFFECT OF ELECTROLYTES UPON EMULSIONS. 

PRELIMINARY PAPER 

BY H. V. TARTAR, C. W. DUNCAN, T. F. SHEA AND W. K. FERRIER 

Introduction 

The object of this investigation was to gain further knowledge regarding 
the influence of electrolytes on emulsions. Except in some preliminary ex¬ 
periments, use was made of materials of definite composition which could be 
prepared in quite pure form; most of the emulsions made therefore were 
definite and reproducible systems and the work may be duplicated by other 
investigators. One regrettable feature of much of the previous experimental 
work on emulsions is that at least part of the materials employed, have been 
of indefinite composition (mixtures) and further careful studies of the exact 
systems cannot be made. The presence of both univalent and multivalent 
metal cations in the same system has been avoided in the work reported in 
this paper. 

There exists a dearth of information regarding the behavior of emulsions 
in the presence of electrolytes. Considerable work has been done which deals 
with the inversion of oil-in-water emulsions. In most instances, the inversion 
has been effected by the addition of salts yielding bivalent or trivalent cations, 
in sufficient amount that metathesis has taken place with the soaps of uni¬ 
valent metals used as emulsifying agents. It is unnecessary to give here any 
extensive review of the literature on emulsions and reference will be made 
only to those investigations having a direct bearing on the work reported 
herein. 

Robertson^ studied the effect of adding different amounts of sodium hy¬ 
droxide on an emulsion of water with varying volumes of olive oil containing 
a small, but not accurately known, amount of free oleic acid. He concluded 
that when sodium hydroxide was used in sufficient quantity to convert to 
soap enough of the free fatty acid to cover with a protecting film a large 
volume of oil dispersed as globules, then an oil-in-water emulsion was formed; 
and when the quantity of alkali was not great enough to form the required 
concentration of soap, it might still be sufficient to yield an amount of soap 
which could surround the smaller volume of water present if it were dispersed 
as globules, and so a water-in-oil emulsion is formed in this case. The value 
of this work is minimized by the fact, that the concentration of the oleic acid, 
and consequently the concentration of the soap formed and of the excess of 
alkali was unknown. 

Newman* states that the water-in-oil emulsion reported by Robertson was 
in reality not an emulsion at all but a cracked oil-in-water emulsion in which 
the appearance of the oil was changed by the presence of solid sodium oleate. 

^ Robertson: KoUoid-Z., 7 , 7 (1910). 

* Newman: J. Phys. Chem., 18 , 34 (1914)* 
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Newman also investigated the two types of emulsions obtained with benzene 
and water. He found that when sodium oleate was the emulsifying agent, 
water was always the external phase regardless of the relative volumes of 
water and benzene used. With magnesium oleate he obtained emulsions of 
water in benzene. He also found that emulsions of water in benzene stabilized 
with magnesium oleate were inverted by adding sufficient sodium oleate. 

Bancroft^ with the work of Newman and of Donnan^ as a background, 
developed a general theory of emulsion formation. He considered that the 
emulsifying agent is adsorbed into the surface separating the two liquids thus 
forming a separate phase and is wetted by both liquids but to a different 
extent by each. Consequently, there is a difference in surface tensions on the 
two sides of the interfacial film. As a result, the side with the higher surface 
tension becomes concave and so tends to envelop the liquid on that side. He 
states: ‘If the surface tension between liquid A and the emulsifying agent is 
lower than the surface tension between liquid B and the emulsifying agent, 
liquid A will be the dispersing and liquid B the disperse phase.’' 

Clowes studied the inversion of emulsions and after considerable experi¬ 
mental work, agreed with Bancroft. Clowes® states: “The soaps tend to con¬ 
centrate at the interface between water and oil and to form a coherent film. 
Soaps of monovalent cations, being readily dispersed in water, but not in oil, 
form a film or diaphragm which is wetted more readily by water than by oil; 
consequently the surface tension is lower on the water side than on the oil 
side. Since the area of the inside face of a film surrounding a sphere is ob¬ 
viously smaller than that of the outside face, the film tends to curve so that 
it encloses globules of oil in water, in this manner reducing the area of the 
side of higher surface tension to a minimum as compared with that of lower 
surface tension. On the other hand, a film composed of soaps of divalent or 
trivalent cations, being freely dispersed in oil, but not in water, is wetted more 
readily by the oil than by the water, the surface tension is lower on the oil 
than on the water side, and the film tends to curve in such a manner as to 
enclose the globules of water in an outer or continuous oil phase.” Clowes 
found that sodium chloride and potassium chloride in small amounts in so¬ 
dium hydroxide solution greatly increased the drop number obtained by drop¬ 
ping the electrolyte solution into oleic acid, which indicated that these salts 
promoted oil-in-water emulsions. Calcium salts had an opposite effect. He 
considered that equilibrium in an emulsion depended on the relative propor¬ 
tions of positive and negative ions adsorbed by the film around the globules, 
negative ions in excess favoring oil-in-water, and positive ions in excess 
promoting water-in-oil emulsions. 

Briggs^ using hydrous ferric oxide as the emulsifying agent, did not find 
that sodium chloride promoted benzene-in-water emulsions. 

»Bancroft: J. Phys. Chem., 17 , 501 (1913); IP, 275 (1915X 

* Donnan: Z. physik. Chem., 47 ,188 (1904); Donnan and Potts: Kolloid-Z., 4,208 (1910). 

* Clowes: J. Phys. Chem., 20, 407 (1916). 

< Briggs: J. Ind. Eng. Chem., 13 , 1008 (1916), 
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Bhatnagar^ prepared emulsions by adding increasing volumes of olive oil 
containing 0.5 per cent of oleic acid to 25 c.c. of approximately 0.01 normal 
potassium hydroxide, and tested for type by determining the conductivity of 
the resulting emulsion. He found that when the concentration of the oil phase 
was increased to 85 c.c. the conductivity fell to a very low value indicating 
that oil was the external phase. Paraffin oil containing 0.5 per cent of oleic 
acid gave similar results but the water-in-oil emulsion was very unstable. 

Whether a certain mixture is or is not an emulsion is important, involving 
as it does the entire subject of methods for detennining the existence and type 
of emulsions. Bhatnagar considers that he had a water-in-oil emulsion even 
though it existed not over two minutes. 

In a later paper^ Bhatnagar reported more work on the inversion of phases 
by electrolytes. He recognized that the use of alkaline solutions and free 
fatty acids in oils—as used by Clowes and by Bhatnagar in his earlier work— 
was unsatisfactory and complicated because either free fatty acid or free alkali 
jrnay be present in excess. Thei*efore, he used soaps instead of alkali plus free 
fatty acid. His emulsions contained 10 c.c. of oil phase (paraffin oil, B.P.) 
and 10 c.c. of aqueous phase which contained a known amount of soap and 
known amounts of electrolytes. The soaps used as emulsifying agents were 
sodium oleate, lithium stearate and potassium stearate; and the electrolytes 
were barium nitrate, strontium nitrate, lead nitrate, nickel nitrate, aluminum 
sulfate and chromium sulfate. Inspection of Bhatnagar^s results show that 
the amount of electrolyte required to invert an emulsion closely approximated 
the amount needed to convert the sodium oleate to the corresponding soap 
of the di- or trivalent cation. When this conversion took place the system 
no longer contained sodium oleate but contained oleates of barium, or 
other di- or trivalent cations which have been shown by the work of Ban¬ 
croft, Newman, Clowes, and others to promote water-in-oil emulsions. This 
stoichiometric relationship seems to have been overlooked by Bhatnagar. 
It must be admitted, however, that this simple relationship does not apply 
when sodium linoleate was the emulsifying agent nor does it explain why 
more multivalent electrolyte is required to bring about reversal of phase when 
the external phase is diluted without changing the absolute amount of sodium 
oleate present. 

Later Bhatnagar^ has stated that *‘it is difficult to draw hard and fast lines 
between the effects of univalent electrolytes and bi- and ter-valent electro¬ 
lytes on soap solutions, as both of these are adsorption phenomena. On the 
solubility hypothesis sodium chloride ought to be capable of changing the 
type of emulsion as well as barium chloride. This is, however, contrary to 
all experience and the multi-valent ions alone are known to cause reversal of 
type.” He concludes that the two vital factors governing the process of 
emulsification are: (i) the nature of the charge on the emulsifying agent and 

^Bhatnagar: J. Chem. Soc., 117 , 542 (1920). 

^Bhatnagar: J. Chem Soc., 119 , 61 (1921). 

> Bhatnagar: J. Chem. Soc., 119 , 1766 (1921). 
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(3) the interfacial tension relations of the emulsifying agent with the two 
phases. All the data on reversal of type, he states, are in agreement with the 
empirical rule “that all emulsifying agents having an excess of negative ions 
adsorbed on them and wetted by water will yield oil-in>water emulsions, 
whilst those having an excess of adsorbed positive ions and wetted by oil 
will give water-in-oil emulsions.” 

Langmuir^ and Harkins^ investigated the structure of liquid surfaces and 
the nature of surface tension. The fundamental idea as stated by Harkins is, 
“that surface tension phenomena in general are dependent upon the orienta¬ 
tion and packing of molecules in surface layers, and that the forces involved 
in this action are related to those involved in solution and adsorption.” He 
also pointed out that “at any surface or interface the change which occurs is 
such as to make the transition to the adjacent phase less abrupt.” Harkins, 
Davies, and Clark* conclude that the type of emulsion produced is related to 
the number of fatty acid radicles in the molecules of soap used. They con¬ 
sider that the soap is adsorbed into the interface largely as a unimolecular 
film and that droplets of the disperse phase would be stable whenever the* 
molecules together with the adsorbed ions, etc., in the interface fit the curva¬ 
ture of the drop. Langmuir suggests that “the size of the colloidal particles 
is determined by the difference in size between the two ends of the molecules, 
just as the size of an arch is dependent upon the relative sizes of the two ends 
of the stones of which the arch is constructed.” 

Finkel, Draper and Hildebrand* have submitted data in support of the 
idea that the size of the droplets and the stability of the emulsions vary with 
the diameter of the polar end of the molecules of the soap molecules used as 
an emulsifying agent. 

By counting the droplets in a given volume of emulsion and computing 
their total surface, Griffin* has shown that the reduction in concentration of 
the soap in the aqueous phase corresponded to an adsorbed film of soap of 
unimolecular dimension surrounding the droplets. 

The data reported herein were obtained from the initial experiments of an 
investigation of emulsions which one of the authors (T) contemplates con¬ 
tinuing much further. While the investigation has not yet reached the status 
to justify conclusions regarding some of the important factors of emulsifica¬ 
tion, the authors deem it advisable to offer at this time a preliminary paper 
giving experimental results. The discussion of the bearing of these data on 
the various theories of emulsification, will be reserved for future publicatiop. 

Preparation of Materials 

Oleic acid was purified* by adding lead acetate solution to U.S.P. oleic 
acid. The lead oleate was washed free from excess of lead acetate and then 

‘ Langmuir: J. Am. Chem. Soc., 39, 1848 (1917). 

»Harkins: J. Am. Chem. Soc., 39, 354, 541 (1917). 

»Harkins. Davies and Clark: J. Am. Chem. Soc., 39, 581 (1917). 

* Finkel, Draper and Hildebrand: J. Am. Chem. Soc., 45 , 2780 (1923). 

• GrifiBn: J. Am. Chem. Soc., 45, 1648 (1933), 

«Harkins and Zollman: J. Am. Chem. Soc., 48, 69 (1926). 
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extracted by refluxing with ether. The lead oleate solution was treated with 
hydrochloric acid liberating the oleic acid. The ether was distilled under 
reduced pressure and in an atmosphere of carbon dioxide. The oleic acid 
thus obtained was probably somewhat impure; apparently very pure oleic 
acid has never been prepared.^ 

Sodium oleate was prepared by the method used by Harkins and Zollman. 

Potassium stearate was prepared from U.S.P. stearic acid by refluxing 
with a solution of potassium hydroxide in absolute alcohol. The resulting 
solution was filtered and cooled, the potassium stearate separating out upon 
cooling. The precipitate so obtained was filtered, washed with absolute 
alcohol and ether and then dried. Two grams of this soap when dissolved in 
loo cc of warm, distilled water gave a clear solution. Upon cooling below 30° 
an opaque gel was formed. It was found necessary to warm the solution to 
about 30° each time it was used. 

The benzene, aniline, toluene, xylene, nitrobenzene, dimethyl aniline and 
ortho-toluidine were “C.P. Analyzed^^ and sponsored by a reliable manu¬ 
facturer. They were distilled before using, the boiling points being used as 
tests for purity. 

The sodium and potassium hydroxides were of the “C.P. Analyzed^^ 
grade, purified by alcohol and containing some carbonate. 

Preparation of Emulsions 

The emulsions were made in glass vials (eight drachm capacity) which had 
been carefully cleaned. The total volume of the liquids used in some emul¬ 
sions was 16 cc., 12 cc. of one phase and 4 cc. of the other; in other emulsions 
one-half these volumes were used. This ratio of the phases was used because 
it approximates the composition of the most stable emulsions.^ 

In the preparation of part of the emulsions reported in Table I (by Shea) 
the ‘‘oir^ phase was added from a burette in 2 cc. portions and, after each 
addition, the system was shaken by hand fifty times in sets of ten shakes 
with about five seconds interval between each set. Briggs® first noted the 
efficiency of this intermittent shaking method. In the preparation of the 
other emulsions, the materials were placed in the vials and then shaken in a 
mechanical shaker for a definite length of time—usually fifteen minutes. The 
shaking machine gave approximately three hundred oscillations per minute; 
and had a vertical amplitude of two inches and a horizontal amplitude at one 
end only of the vial holder of two inches. 

Preliminary Experiments on the Effect of Acid and Base on the Stability of 
Benzene-Water Emulsions stabilized by Sodium Oleate 

Because of the marked effect of hydrogen and hydroxyl ions on the sta¬ 
bility of colloids, some prelhninary experiments were made using electrolytes 
yielding these ions. The influence of hydrochloric, acetic, and oxalic acids on 

^Lapworth, Pearson and Mottram: Biochem. J., 19 , 7 (1925). 

•Pickering; J. Chem. Soc., 91 , 2002 (1907); Hatschek: Brit. Ass. Colloid Reports, 2, 

17 (1918)* 

•Briggs: J. Phys. Chem., 24 , 120 (1920). 



440 


H. V. TAKTAR, C. W. DUNCAN, T. F. SHEA AND W. K. PERRIER 


emulsions was studied by making up a series of emulsions each of which con¬ 
sisted of twelve c.c. of benzene, two cc. of 2 per cent aqueous sodium oleate 
solution, and two c.c. of acid. An emulsion of benzene in water was obtained 
whenever the amount of acid present was just insufficient completely to 
destroy the soap. Emulsions to which sufficient acid had been added to de¬ 
compose half the sodium oleate, were in good condition after two months^ 
standing. 

The effect of oleic acid was next studied. The use of this acid eliminates 
some of the complexity introduced when an acid such as hydrochloric is added 
to an emulsion. The oleic acid does not decompose the sodium oleate nor 
does it serve as an emulsifying agent. Emulsions were prepared by adding 
to 4 c.c. of I per cent sodium oleate, a measured amount of oleic acid and 
sufficient benzene in small increments to make a total of 12 c.c. of *‘oir^ phase 
and shaking by hand. It was determined that when a relatively high amount 
of oleic acid was used the usual oil-in-water emulsion was inverted to a water- 
in-oil emulsion. This emulsion was quite mobile and was tested thoroughly 
for type; although unstable it proved to be a water-in-oil emulsion. The 
results are recorded in Table I. 


Table I 

Effect of Oleic Acid on Emulsions stabilized by Sodium Oleate 


Benzene c.c. 

10.0 

9.0 

8.0 

7.0 

6.0 

Oleic Acid c.c. 

2.0 

30 

4.0 

so 

6.0 

Type 

o~w 

0 -W 

0 -W 

Broke 

W -0 (unstable) 


0-W indicates oil-in-water emulsion. 
W-0 indicates water-in-oil emulsion. 


Emulsions were made using kerosene instead of benzene. Seven c.c. of 
kerosene with 5 c.c. of oleic acid emulsified easily in 4 c.c. of one per cent 
sodium oleate, giving a more stable W -0 emulsion. 

A series of emulsions consisting of 12 c.c. of oil, 2 c.c. of 2 per cent sodium 
oleate, and 2 c.c. of sodium hydroxide solution was prepared. The oils used 
were benzene, kerosene, olive oil, and a paraffin oil (Squibbs' Liquid Petro¬ 
latum). In all cases, the stability of the emulsions was decreased as the con¬ 
centration of the sodium hydroxide was increased. 

Influence of Soditun Chloride on the Type of Emulsion 

To study the effect of sodium chloride, emulsions were prepared contain¬ 
ing 12 c.c. of benzene and 4 c.c. of aqueous phase. The aqueous phase was 
always one per cent sodium oleate and held varying concentrations of sodium 
hydroxide and sodium chloride. A series of emulsions were made by two 
different workers one year apart, each without knowledge of the results ob¬ 
tained by the other. The data obtained are reported in Table II. In all of 
the tables, the concentrations of electrolyte given, are for the final aqueous 
phase of the emulsion. 
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Table II 

The Effect of Sodium Chloride on Einulsions containing 
Benzene, Water, Sodium Oleate, and Sodium Hydroxide 
F'irst worker (Shea) 


Normality of 
Sodium Hydroxide 

0 30 

0.25 

Normality of Sodium Chloride 

0 30 0 35 0 40 0 45 

0 50 

0.000 — 

0-W 

0-W 

o-w 

0-W 

I 

W-0 

W-O 

0.0002 

0-W 

0-W 

o-w 

0-W 

I 

W-0 

w -0 

O.OOI 

0-W 

0-W 

o-w 

I 

I 

W-0 

W-O 

0.005 

0-W 

0-W' 

o-w 

I 

W-0 

W-0 

w -0 

O.OI 

0-W 

0-W 

0-W' 

I 

W-O 

W-0 

w -0 

0.05 

0-W 

0-W 

O-W" 

I 

W-0 

W"-0 

w -0 

0.10 

0-W 

I 

I 

I 

W"-0 

W-O 

w -0 


0 15 

Second Worker (Fcrrier) 
0.20 0 25 0 30 

0 35 

0 40 

0 45 

0.00 

o-w 

o-w 

0-W" 

I 

Broke 

Broke 

w -0 

0.0002 

0-W 

0-W 

o-w 

I 

Broke 

Broke 

w -0 

O.OOI 

0-W 

0-W" 

0-W" 

I 

I 

Broke 

W^-0 

0.002 

0-W 

o-w 

o-w 

I 

I 

W"-0 

W"-0 

0 01 

0-W 

o-w 

o-w 

I 

I 

W-0 

W"-0 

0.05 

0-W 

o-w 

Broke 

Broke 

I 

W-0 

w -0 


I indicates the inversion point. 


The data of the first worker were somewhat more carefully checked by 
repetition of the series. The normality of the sodium chloride required to 
produce a given result varied somewhat in the different scries. The system 
called ‘‘inversion point” was made up of three layers, an upper layer of oil 
(about 12 C.C.), a shallow, intermediate, creamy, oil-in-water emulsion, and a 
slightly yellow watery layer (about 4 c.c.) on the bottom. On standing, an 
appreciably thick disc of solid formed on top of the intermediate layer. This 
may have been sodium oleate salted out by the salt. In the “W~ 0 ” type a 
yellowish white emulsion, about 4 c.c. in volume is formed at the bottom of 
the tube. When the sodium chloride was added to the sodium hydroxide 
solution of sodium oleate, a precipitate was usually formed. This precipitate 
soon disappeared from the tubes containing a small concentration of sodium 
chloride. The presence of this precipitate did not inhibit the formation of 
oil-in-water emulsions in all cases. In most cases it had disappeared from 
the vials which yielded the inversion type system before the benzene was 
added It was always present at the time of emulsification of the mixtures 
which formed the “W- 0 ” type. The precipitate was undoubtedly sodium 
oleate. 

The nature of the “W~ 0 ” layer was investigated. Tests by the drop- 
dilution method of Briggs gave rather unsatisfactory results in certain in¬ 
stances, although on the whole, they clearly indicated a water-in-oil emulsion. 
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Robertson’s indicator method (using potassium permanganate instead of 
Sudan III) also indicated a water-in-oil emulsion. This finding was con¬ 
firmed by Palmer’s internal phase method.* 

A similar series of emulsions using toluene and xylene were next prepared. 
The data are presented in Tables III and IV. 

Table III 

The Effect of Sodium Chloride on Emulsions containing 
Toluene, Water, Sodium Oleate and Sodium Hydroxide 

Composition of Emulsion 
12 c.c. toluene 

2 c.c. 2 per cent sodium oleate solution 
I c.c. sodium chloride solution 
I c.c. sodium hydroxide solution 


Normality of 



Normality of Sodium Chloride 



Sodium Hydroxide o.oo 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0 45 

0.05 

o-w 

o-w 

o-w 

Broke 

Broke 

I 

W-O 

w-0 

O.OI 

0 -W 

o-w 

o-w 

Broke 

Broke 

I 

W -0 

w-0 

0.002 

o-w 

o-w 

o-w 

Broke 

Broke 

I 

W-O 

w-0 

0.001 

o-w 

o-w 

o-w 

Broke 

Broke 

Broke 

w-0 

w-0 

0.0002 

o-w 

o-w 

o-w 

O-W 

Broke 

I 

W-O 

w-0 

0.00 

0.00 

o-w 

o-w 

o-w 

o-w 

O-W 

Broke 

I 

w-0 

w-0 


Table IV 

The Effect of Sodium Chloride on Emulsions containing 
Xylene, Water, Sodium Oleate and Sodium Hydroxide 

Composition of Emulsion 
6 c.c. xylene 

0.5 c.c. sodium chloride solution 
I c.c. 2% sodium oleate solution 
0.5 c.c. sodium hydroxide solution 


Normality of 

Sodium Hydroxide o. oo 

0.15 

Normality of Sodium Chloride 
0.20 0.25 0.30 0.35 

0.40 

0 45 

0.05 

o-w 

o-w 

o-w 

Broke 

Broke 

Broke 

I 

W -0 

O.OI 

o-w 

o-w 

o-w 

O-W 

O-W 

I 

I 

W -0 

0.002 

o-w 

o-w 

o-w 

O-W 

O-W 

I 

I 

w-0 

0.001 

o-w 

o-w 

o-w 

O-W 

O-W 

I 

I 

w-0 

0.0002 

o-w 

o-w 

o-w 

O-W 

O-W 

I 

I 

w-0 

0.00 

o-w 

o-w 

o-w 

O-W 

O-W 

Broke 

I 

w-0 


With the toluene and xylene emulsions, the inversion point remains at 
approximately the same concentration of sodium chloride regardless of the 
concentration of the sodium hydroxide. 


* Palmer: “Biochemical Laboratoiy Methods," 22 (1927). 
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The writers believe this to be the first time that emulsions of benzene and 
water, toluene and water and xylene and water containing univalent cations 
only, have been inverted to water-in-oil emulsions by the use of sodium 
chloride. 

Other Experiments with Emulsions using Different Emulsifying Agents 

or ‘*Oil” Phases 

The effect of potassium chloride upon emulsions stabilized by potassium 
stearate was next investigated. The concentrations of the solutions were the 
same as for the emulsions previously discussed. Emulsions were prepared 
from benzene, toluene, and xylene with water, potassium stearate, potassium 
chloride and potassium hydroxide. In all cases a permanent, white oil-in- 
water type of emulsion was obtained and in no case was there a sign of in¬ 
version due to the addition of potassium chloride. The emulsions were more 
easily prepared and were more stable than when sodium oleate was used. It 
would seem possible from data given in Tables II, III and IV that inversion 
could be obtained by using a greater concentration of the electrolyte. This 
was not done however. 

Other ^^oils” were investigated for inversion of type both with sodium 
oleate and potassium stearate as the emulsifier. The investigation of aniline 
revealed that no emulsions were obtainable when even a very small amount 
of either sodium chloride or potassium chloride was present. Permanent 
emulsions were obtained with all concentrations of sodium hydroxide (0.0002N 
to 0.05N). Aniline emulsions stabilized with potassium stearate were very 
sensitive to potassium hydroxide—no permanent emulsion could be formed 
when the concentration exceeded 0.01 N. The emulsions of aniline and 
potassium stearate; aniline, potassium stearate and potassium hydroxide 
were more difficult to prepare than those with sodium oleate. 

The emulsions of aniline when first taken from the shaker had the ap¬ 
pearance of a permanent white emulsion filled with shiny, finely-divided 
crystals. This phenomenon became intensified as the concentration of sodium 
chloride increased. It was not so noticeable, however, in the case of potassium 
chloride. Upon standing a few minutes, the higher concentrations of salt 
caused the aniline to separate into large globules, 2 to 4 mm. in diameter. 
This effect persisted for hours, the smaller globules gradually coalescing with 
others to form larger ones; after twenty-four hours complete separation had 
taken place. 

Enulsions were prepared with ortho-toluidine stabilized with sodium oleate 
and with potassium stearate which gave stable oil-in-water type. However, 
no emulsions could be prepared with the above components when even very 
small amounts of sodium hydroxide, potassium hydroxide, sodium chloride 
or potassium chloride were present. 

The emulsions with nitrobenzene formed readily and were very stable. 
The data are given in Table V. The oil-in-water type of emulsion was obtained 
with all concentrations of sodium chloride used. Between the sodium hy¬ 
droxide concentrations of 0.002N and o.ooiN a marked difference in color of 
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Table V 

The Effect of Sodium Chloride on Emulsions containing Nitrobenzene, 
Water, Sodium Oleate and Sodium Hydroxide 
Composition of Emulsion 

12 cc. nitrobezene 

1 c.c. sodium chloride solution 

2 c.c. 2% sodium oleate solution 
I c.c. sodium hydroxide solution 

Normality of Normality of Sodium Chloride 


Sodium Hydroxide 

0.00 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.05 

O-W 

O-W 

O-W 

O-W 

O-W 

O-W 

O-W 

Broke 

0.01 

O-W 

O-W 

O-W 

O-W 

O-W 

O-W 

O-W 

O-W 

0.002 

O-W 

O-W 

O-W 

O-W 

O-W 

Broke 

Broke 

Broke 

0.001 

O-W 

O-W 

O-W 

O-W' 

Broke 

Broke 

Broke 

Broke 

0.0002 

O-W 

O-W 

O-W 

O-W 

Broke 

Broke 



0.00 

O-W 

O-W 

Broke 

Broke Broke 

Broke 




the nitrobenzene layer was noticed. Emulsions with o.ooiN sodium hydroxide 
or less displayed a well defined orange tint in the nitrobenzene layer. With 
concentrations of sodium hydroxide above o.ooiN the nitrobenzene layer was 
a characteristic yellow. This effect may have been due to the repression of 
hydrolysis of the sodium oleate by concentrations of sodium hydroxide 
greater then o.ooiN. 

The effect of potassium chloride on nitrobenzene emulsions stabilized with 
potassium stearate was next studied. In all cases, very stable emulcions of 
oil-in-water type were formed and no signs of inversion or breaking were 
noticed with the concentrations of electrolytes used. 

Table VI 

The Effect of Sodium Chloride on Emulsions containing Dimethylaniline, 
Water, Sodium Oleate and Sodium Hydroxide 

Composition of Emulsion 
6 c.c. dimethylaniline 
0.5 c.c. sodium chloride solution 
I c.c. 2% sodium oleate solution 
0.5 c.c. sodium hydroxide solution 

Normality of Normality of Sodium Chloride 

Sodium Hydroxide 0.00 0.15 0.20 0.25 0.30 0.35 0.40 0.45 

o. 05 0 ~W 0 -W O-W 0 ~W 0 -W Broke Broke Broke 

o.oi O-W O-W O-W O-W O-W O-W O-W Broke 

0.002 O-W O-W O-W O-W O-W O-W O-W O-W* 

0.001 O-W O-W O-W O-W O-W O-W Broke> O-W* 

0.0002 O-W O—W O-W O-W O—W O-W Broke 0 —W* 

O-W O-W O-W O-W O-W O-W O-W Broke 


0.00 
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Dimethylanilinc (See Table VI) emulsified very readily, with low concen¬ 
trations of sodium chloride (o.oN to 0.20N); they formed stable, permanent 
white emulsions within five minutes. As the concentrations of sodium 
chloride increased, the time of shaking increased to fifteen minutes. The 
emulsions formed however were very viscous and stable. Emulsions contain¬ 
ing 0.45N sodium chloride did not form when shaken fifteen minutes. Upon 
being shaken one hour, the three indicated with an asterisk were exceedingly 
viscous, tan in color, and very stable. 

The effect of potassium chloride on emulsions of dimethylaniline, stabilized 
with potassium stearate was then studied. The emulsions formed readily 
and, in all cases, the foam from the emulsion filled the entire bottle. The type 
was oil-in-water and no signs of inversion or breaking were apparent. Upon 
standing twenty-four hours or longer, a thin layer of the aqueous phase 
settled out. In an attempt to find a ‘‘breaking poinU^ more electrolyte was 
added to a new set of emulsions. Two c.c. of potassium chloride of the 
following concentrations: i.oN, 1.4N, 1.6N, 1.8N, were placed in separate 
bottles of dimethylaniline and potassium stearate. They were shaken fifteen 
minutes in the mechanical shaker, allowed to stand for six hours and examined. 
All the emulsions were stable except the one containing two c.c. of 1.8N 
potassium chloride which showed signs of breaking. 

Conclusions and Summary 

1. Emulsions of benzene and water with sodium oleate as the emulsifying 
agent are destroyed by acids when approximately enough acid is added to 
effect the decomposition of the soap. 

2. Benzene-water-sodium oleate emulsions of the oil-in-water type have 
been inverted by adding oleic acid to the benzene phase. 

3. Sodium hydroxide does not increase the stability of emulsions using 
sodium oleate as the emulsifying agent. 

4. The ty\yc of emulsion has been changed by the use of univalent 
electrolytes yielding the same cation as the soap. 

5. Emulsions of benzene, toluene, or xylene with water and sodium 
oleate, show a well-defined zone of instability between sodium chloride con¬ 
centrations of 0.25N to 0.45N with benzene;the inversion point shifted some¬ 
what as the concentration of the sodium hydroxide was increased; with 
toulene and xylene the inversion point is not markedly influenced by the 
sodium hydroxide concentration. 

6. With the water and “oir^ phase used, potassium stearate was found 
to be superior to sodium oleate as an emulsifying agent; the emulsions were 
prepared more easily and had a greater stability. 

7. All of the emulsions produced by the use of potassium stearate were 
of the oil-in-water type; no inversion could be effected by the use of potassium 
chloride and potassium hydroxide. 

8. The work reported herein shows that in previous work insufficient 
attention has been given to the influence of the “oil” phase upon the stability 
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and type of emulsion. The attention of investigators has usually been centered 
upon the influence of the emulsifying agent and electrolyte present. The 
data reported above indicates that methyl groups attached to the benzene 
ring have a beneficial effect on the emulsifiability of the “oil.” The amino 
group, however, seemed to exert an inhibitory influence. Two methyl 
groups, as in the case of the dimethyl aniline, seemed to overcome this in¬ 
hibitory influence of the amino group and emulsification took place readily. 
When two different substituent groups were attached to benzene ring, as in 
ortho toluidine, influence of the amino group seemed to dominate and the 
“oil” did not readily emulsify. The nitro group favored emulsification. 

Seattle, Waehingotn, 

August IS, 19S8. 



DECOMPOSITION OF NITRIC OXIDE BY PLATINUM AT 
ELEVATED TEMPERATURES AND ITS RETARDATION 
BY OXYGEN* 


BY PAUL W. BACHMAN AND GUY B. TAYLOR 


Green and Hinshelwood^ studied the decomposition of nitric oxide on a 
heated platinum wire and came to the conclusion that the reaction is uni- 
molecular with respect to nitric oxide and is retarded by oxygen. The con¬ 
clusion that the reaction is unimolecular was based on the criterion that the 
fraction decomposed up to 13.5% was independent of the initial concentration 
of nitric oxide. It was assumed that the retarding effect of oxygen was of 
minor importance for small percentage decomposition so that the usual 
criterion of a unimolecular reaction, i.e., equal fractional reaction inde¬ 
pendent of initial concentration, applied. 

The object of the present work was to establish the law by which oxygen 
retards the decomposition. On the assumption that the rate is proportional 
to the square of the nitric oxide concentration, a, and inversely to that of 
oxygen, we may write the equation 

dx (a - x)2 
“dt 


(ii 


which integrated between limits for the constant, Kj, becomes 

Ks -I - In -i-) 

t \a — X a — X/ 


(2) 


In this equation the concentration terms appear as ratios just as they do 
in the usual equation for a straight unimolecular reaction, 

Ki = ^ In (3) 


a — X 


so that the criterion of equal fractional reaction in equal time applies to 
either case. 

Green and Hinshelwood show that the decomposition of nitric oxide is 
retarded by oxygen by calculating values for the unimolecular constant from 
equation (3). Values of ki fall rapidly with time. On the other hand we 
have found that values of kj computed from equation (2) are nearly con¬ 
stant. Table I gives our values of ki and k2 computed from Green and Hin- 
shelwood’s data. From the constancy of k* it seemed likely that the reaction 
was not unimolecular with respect to NO but followed the law given by 
equation (i). 

Table I 


Time, see. 

60 

120 

180 

300 

720 

1440 

% deoomp. 

13 

18 .s 

23 

29 

40 

48 

ki X 10 * 

2-3 

1-7 

I-S 

I . I 

0.7 

0.45 

kj X lo* 

1-7 

1.9 

2.0 

2.2 

2 . 1 

1.9 


* Contribution No. 7 from Experimental Station, E. I. duPont de Nemours & Co. 
> J. Chem. Soc., 128,1709-13 (1926). 
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Experimental 

A number of experiments were carried out according to Green and Hin- 
shelwood’s method. A wire was sealed axially into a glass tube about 15 cm. 
long by 3.5 cm. diameter. A three-way cock led to manometer, gas supply, 
and vacuum pump. The nitric oxide was generated by dropping sulfuric 
acid into sodium nitrite^ and dried with sulfuric acid. The temperature of 
the electrically heated wire was controlled by voltmeter and ammeter. 
The electrical energy required for a given temperature was determined by 
calibration with a Leeds and Northrop optical pyrometer* by glowing the 

ec 



wire in air before the experiment. The energy required varied somewhat 
with the pressure, possibly due to the heat losses near the lead-in wires. The 
temperatures were corrected for emissivity. 

ilie experimental procedure consisted in filling the tube to a definite 
pressure with nitric oxide, glowing the wire for definite time intervals, and 
reading the pressure decresise after the wire had cooled. The tube was im¬ 
mersed throughout an experiment in a water-bath at 25®C. The decom¬ 
position reaction itself, 2NO = Ns + O*, involves no volume change, but, 
upon cooling, oxygen reacts with nitric oxide, 2NO + Og = 2NO* NsO«. 
The fraction (x) of nitric oxide decomposed may be calculated from a plot 
constructed from the formula * 

* Noyes: J. Am. Cbem. Soc., 47,2170 (1925). 

• See Kunsman: J. Am. Chem. Soc., 50,2100 (1928). 
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contraction = ax + — — 


VsKax - K2 
8 


in which a is original pressure of NO. The formula holds for values of x 
up to 0.5. K is the equilibrium constant defined by NO2/N2O4. Values of K 
in the literature^ are fairly consistent. For concentration expressed in milli¬ 
meters of mercury, K is 13.5 at o®C., 106 at 25°, and 237 at 35°. Theoreti¬ 
cally the maximum contraction occurs at the point of 50% decomposition; 
thereafter the pressure increases with decomposition to the original nitric 
oxide value. In actual experiment, using the literature values for K, the 
maximum contraction is always less than the theoretical. Green and Hin- 
shelwood got around this diflficulty by using an arbitrary constant deduced 
from the observed maximum contraction. They took K = 35 at o°C. 

In two of our experiments the maximum contractions were 115 and 303 
mm. From these values the original pressures of NO calculated were 296 
and 719 mm., while the actual measured initial pressures were 338 and 792 
mm. The indicated purity of the gas used in the experiments was 88 and 91 % 
respectively while an actual analysis by i^eaction in CrOg in water^ 

showed the nitric oxide usc'd to be 99.5% pure. The probable explanation is 
the very slow rate at which oxygen and nitric oxide combine when present 
in nearly stoichiometric proportion. In our experiments we have calculated 
the decomposition by using the literature values of K as given above, ignoring 
whatever cause is responsible for the low contraction at 50% decomposition. 
Below 40% it makes little difference what convention is adopted. The nitric 
oxide as generated and stored for the experiments was considered as 95% 
pure, the rest being nitrogen. 

Table II summarizes the experimental results with 0.25 mm. diameter 
platinum wire at i2io°(\ (Calculated values of ko are reasonably constant 
in any given experiment and fairly so between the experiments with dif¬ 
ferent initial pressures of nitric oxide. 

Table III summarizes results with a piece of thermocouple wire, platinum- 
10% rhodium, of the same size, at three different temperatures. Here again, 
the values of k2 are reasonabl}'' constant at a given temperature and different 
partial pressures. The temperature coeflScient of the reaction appears to l)e 
small. 

These experiments can hardly be called conclusive in establishing the 
validity of equation (i), because the actual partial pressures existing at the 
wire when it is heated can not in the nature of the case be known. 

A form of apparatus in which the actual partial pressures at the hot wire 
can be calculated from the experimental data w'as suggested to us by Dr. 
G. B. Kistiakowsky. This is shown diagrammatically in Fig. i. 

To a liter bulb a small vertical side tube was connected at top and bottom. 
In the side tube was hung a long loop of platinum wire arranged for electrical 
heating as shown. In an experiment, circulation by convection up the tube 


^Bodenstein: Z. physik. Chem, 100, 68 (1922); Schreber: 24, 665 (1897); Wourtzel: 
Compt. rend., 169, 1397 (1919). 

’ This reagent absorbs NO rapidly when used in ordinary gas analysis apparatus. 
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Table II 


Decompositioii of NO on pure Platinum at iaio°C 


Time 

Seconds 

No. 31 

479 mm. 
Per cent 
decomp. 

ks 

X 10^ 

No. 32 
^ mm. 
rer cent 
decomp. 

k, 

X 10* 

No. 33 

301 mm. 
Per cent 
decomp. 

k] 

X 10* 

15 

7 -S 

2.0 

7*5 

2.0 

95 

3-3 

30 

10.s 

2.2 

10.5 

2.2 

ii-S 

2-5 

60 

IS 

2.2 

iSS 

2.3 

I 7 -S 

31 

120 

31 

2.5 

21 

2.5 

23 

30 

240 

36.5 

2.2 

28 

2.5 

31 

3-2 

420 

34 

2.4 

34 

2.5 

38 

3-2 

600 

38 

2.2 

38.s 

2.3 

— 

— 


Table III 

Decomposition of NO on Platinum-io% Rhodium 


Time 

No. 21 

477 mm. 

Percent ks 

103s®C 

No. 22 

333 mm. 
Percent 

ks 

No. 23 

183 mm. 
Percent 

k. 

Seconds 

decomp. X 10^ 

decomp. 

X 10^ 

decomp. 

X 10 * 

30 

8-5 1-3 

6 

0.7 

6 

0.7 

60 

II 1.2 

9 

0.7 

8.S 

0.7 

120 

15 I-I 

13 

0.8 

ii-S 

0.6 

240 

20 I . 1 

16.5 

0.7 

15 

0.6 

420 

23.5 0-9 

20. s 

0.7 

19 

0.6 

660 

27 0.8 

24 

0.6 

22.5 

0-5 

960 

30.5 0-8 

27 

0.6 

24-5 

o-S 

1740 

36 0.7 

31-5 

0.5 

30 

0.4 


No. 26 

481 mm. 

12IO®C 

No. 25 
337 mm 


No. 24 

182 mm. 

30 

13 3-3 

II 

2.3 

12.5 

3 0 

60 

18 3-3 

16 

2.6 

16 

2.6 

120 

24 3-4 

21 

2.5 

23 

31 

240 

3 I-S 3-3 

27 

2.3 

29 

2.7 

420 

37 -S 31 

33 

2.2 

35 

2.5 


No. 27 

477 mm. 

I385“C 

No. 38 
’ 332 mm 


No. 29 

193 mm. 

30 

19 8.0 

17 

6.0 

19 

8 ..0 

60 

2 SS 7-9 

23 

6.2 

24 -S 

7-3 

120 

335 7-9 

30-S 

6.2 

31 

6S 

240 

43 .7.6 

38.5 

5.8 

39 

6.1 
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and through the bulb was rapid. The wire was glowed continuously during 
an experiment while the pressure was followed on a manometer. The bulb 
was put in a thermostat bath held at 3S“C. 

The per cent decomposition was calculated from the pressure decrease 
as in the earlier type of experiment. Partial pressures at the hot wire surface 
were computed as follows: 

Let a = original NO pressure 

p = observed pressure at time t 
X = fraction decomposed in time t 

then — == partial pressure N* 

2 

ctx 

p —^ = sum of partial pressures of NO and O* 

SIX 1 

p —7 ~ pa^rtial pressure NO 

Typical experiments, Nos. 37, 39 and 44 are tabulated. They were all 
duplicated and the separate experiments agreed remarkably well. Expt. 
No. 44 was run at a total pressure of one atmosphere, using nitrogen as a 
diluent. An experiment at the same initial pressure of nitric oxide and 
without nitrogen gave substantially the same result. 

Values for rate constants were computed by the method of small differ¬ 
ences from point to point as shown in the tables. Ki is based on an assump¬ 
tion of rate proportional to nitric oxide and inversely proportional to oxygen 
concentration while K2 is based on the mechanism expressed by equation (i). 
K2 furnishes a reasonable constant at the three different initial pressures 
while Ki does not. The per cent decomposition at three different initial 
pressures is the same after the same elapsed time. The constant K'l, com¬ 
puted for straight unretarded unimolecular reaction falls rapidly with time 
in every case. 

The apparent heat of activation according to the Arrhenius equation d 
In k/dt = E/RT^ was determined from the data of Table III for the plati¬ 
num-rhodium wire by the slopes of plots of log t against i/T for 10, 20, and 
30% decomposition. The lines for each percentage were substantially paral¬ 
lel. Values for E for different initial pressures of NO were, —480 mm. 24,600 
cal., 335 mm. 25,700 cal., and 185 mm. 26,900 cal. 

Discussion 

The values for the apparent heat of activation *‘E^' on platinum is re¬ 
ported by Green and Hinshelwood to be approximately 14,000 calories, and 
on 90% platinum-10% rhodium is found to be approximately 24,000 calories 
by the present authors. This leads to some deductions regarding the heat 
of adsorption of nitric oxide. The above values of “E’^ are connected to 
'‘Q,’’ the true heat of activation, by the equation 

E = Q + V-X 

where X = heat of desorption of reactants, 
and X' = heat of desorption of products. 
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It has been shown by Langmuir' that it is extremely difficult to remove 
oxygen from a platinum surface even at i5oo°C., indicating a high heat of 
adsorption of oxygen on platinum. Assuming the apparent heat of activation 
of nitric oxide on platinum to be 14,000 calories it follows that the heat of 
adsorption of nitric oxide on platinum must be a large positive value for Q to 
be of real magnitude. Experiments are in progress in this laboratory in an 
effort to confirm experimentally the above statement. 

The present authors visualize the decomposition of nitric oxide on the 
surface of platinum and platinum-rhodium catalysts as follows. Two nitric 
oxide molecules are adjacently adsorbed with oxygen towards the catalytic 
surface. The nitrogen atoms combine and evaporate from the surface, leav¬ 
ing the oxygen in an adsorbed condition to act as a retarding agent. 

Summary and Conclusions 

The heterogeneous decomposition of nitric oxide on platinum and plati¬ 
num-rhodium wires at temperatures above iooo°C, is shown to be bimole- 
cular with respect to nitric oxide and to be retarded proportional to the 
oxygen concentration. 

It has been indicated that bimolecular reactions retarded by a product 
of the reaction are similar to unretarded unimolecular reactions in that the 
fraction reacting in any time is independent of the initial pressure. 

The heat of adsorption of nitric oxide on platinum has been predicted as 
having a large positive value. 

‘ Langmuir: Trans. Faraday Soc., 17 , 621 (1922). 



AN EXTENSION OF THE INTERMEDIATE-COMPOUND THEORY 
OF CATALYSIS IN GAS REACTIONS 

BY H. H. STOBCH 

One of the most important results of recent studies of homogeneous uni- 
molecular reactions is the fact that such reactions frequently involve large 
molecules, such as nitrogen pentoxide, azomethane, propionaldehyde, etc. 
That this is not a fortuitous relationship, is the opinion of several experi¬ 
menters.*-* One* of these writes: “We believe it is not an accident that all 
the homogeneous unimolecular reactions so far known are concerned with 
rather complicated molecules.” 

In several of the collision theories proposed to explain the mechanism of 
unimolecular reactions, activation by use of some of the internal energy of 
the molecule, in addition to the energy obtained by collision was postu- 
lated.*’ *■ ’■ * Such assumptions lead to rates of reaction which are consistent 
with the experimental data, and with the falling off of the reaction rate at 
pressures where collisions are either entirely absent or markedly reduced. 
These theories necessitate a large number of degrees of freedom for the re¬ 
actant, and hence lend significance to the observation concerning the ne¬ 
cessity of a complex molecule for a unimolecular reaction. In the absence 
of collisions, radiation has been found* to be ineffective in the racemization 
of pinene. The author states, however, that despite this negative result, 
radiation may contribute to the energy of activation at higher pressures 
where collisions take place. 

These results of the studies of homogeneous unimolecular reactions may 
be used to correlate some facts concerning catalytic phenomena. A number 
of reactions which involve the decomposition of a single substance, and which 
are bimolecular when conducted as homogeneous reactions, have been found 
to be unimolecular on the surface of a contact catalyst. Examples of this 
are the decomposition of hydrogen iodide on the surface of platinum, and the 
decomposition of nitrous oxide on the surface of gold. The decomposition 
of hydrogen iodide on platinum has been analyzed by Taylor,* who shows 
that the process may be divided into a number of successive reactions, so 
chosen that the heat of activation is considerably lower in the presence of 
the contact agent than it is when the reaction is homogeneous. In this way 
Taylor accounts for the observed difference in heats of activation of the 
heterogeneous and homogeneous reactions. The steps outlined by Taylor 

* Hinshelwood: Proc. Roy. Soc., 113A, 230 (1926). 

• Fowler and Rideal: Proc. Roy. Soc., 113A, 570 {1927). , 

* Lewis and Smith: J. Am. Chem. Soc., 47,1508 (1925). 

‘Rice and Rampsberger: J. Am. Chem. Soc., 49, 1617 (1927); SO, 617 (1928). 

‘ Mayer: J. Am. Chem. Soc., 49, 3033 (1927). 

• Proc. Roy. Soc., USA, 77 (1926). 
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involve the dissociation of the hydrogen iodide molecule by the platinum 
surface, followed by the reaction between the adsorbed monatomic hydrogen 
with another hydrogen iodide molecule to form molecular hydrogen, and 
another iodine atom, (the latter subsequently reacting with one of its kind 
to form an iodine molecule.) The high heats of primary adsorption, and the 
experiments of Gauged and of Wolffenden^ are cited as support for the dis¬ 
sociation of the molecule. 

The following modification of Taylor’s mechanism is suggested: The 
adsorption of hydrogen iodide by platinum results in the formation of addi¬ 
tion compounds between the unsaturated platinum atoms and at least two 
molecules of hydrogen iodide. This assumption of at least two molecules 
of hydrogen iodide is based upon evidence from reactions involving two 
reactants where it has been found essential that both substances be adsorbed 
before reaction take place. The further assumption that both reactants are 
adsorbed on the same catalyst atom is in harmony with the fact that only 
isolated patches of contact surfaces are catalytically active, for it is only 
the highly unsaturated atom which could accommodate two molecules of the 
reactant. The complex Pt(Hl)x, where X ? 2, is large enough to possess a 
greater number of degrees of freedom than gaseous HI molecules, and hence 
may be activated by energy received from its own reservoir of internal energy 
in addition to that received by collisions. The subsequent rearrangement 
of this complex may involve the transitory existence of hydrogen and iodine 
atoms, but this is not essential to the postulated mechanism of the function 
of the contact catalyst. The latter may be briefly restated as one which 
provides a sufficiently complex molecule containing catalyst and reactants, 
so that a large number of degrees of freedom are available to supply part of 
the energy of activation. 

If the rate of formation of Pt(HI)x is directly proportional to the pressure 
of the hydrogen iodide, the observed rate of decomposition will correspond 
to a unimolecular reaction. If, however, the rate of formation of the reactive 
complex is independent of the pressure, the observed rate of decomposition 
would correspond to a zero order reaction. This is the case in the decom¬ 
position of ammonia by various metal surfaces. 

In the field of homogeneous gas reactions, water vapor is one of the most' 
common and most effective catalysts. Thus it is very difficult to explode 
mixtures of carefully dried carbon monoxide and oxygen or of hydrogen and 
oxygen. The combustion of carbon bisulfide or of ethylene, however, is not 
affected by the presence or absence of water vapor.® These facts suggest that 
the efficiency of water vapor in promoting the combustion of hydrogen or 
carbon monoxide is due to the formation of complex molecules thus permitting 
the use of the internal energy of these complexes to contribute to the heat of 
activation. In the case of carbon bisulfide and ethylene, the molecules ap- 

’ J. Am. Chem. Soc., 46, 674 (1924). 

*Proc. Roy. Soc., IlOA, 464 (1926). 

® Bone and Townend: ‘‘Flame and Combustion in Gases,” (1927). 
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pear to be sufficiently complex to provide the necessary increment from their 
store of internal energy. 

There are, however, serious objections to this theory of the catalytic action 
of water vapor. If the difficulty of exploding mixtures of hydrogen and oxy¬ 
gen were entirely due to deficiency of energy available for activation, explo- 
fdon by a spark discharge should not be seriously hindered by the absence of 
water vapor. The fact that explosion by a spark discharge is greatly facili¬ 
tated by the presence of water vapor, indicates that some other factor is 
involved. This factor may be the “screening” action of water vapor on the 
deactivation of the active molecules by the walls, electrodes, etc. Gibson 
and Hinshelwood*® have postulated such screening action in the reaction 
between hydrogen and oxygen in order to account for the increased speed 
of the homogeneous reaction when inert gases were present. 

Another example of homogeneous catalysis is the gaseous ion catalysis 
discovered by S. C. Lind.“ Here the “clustering” of the reactants about the 
ions produced by alpha radiation is found to be an assumption which ex¬ 
plains the observed ratios of the number of molecules reacting to the number 
of ions present. This assumption is similar to the hypothesis advanced in 
this paper relative to contact catalysis, but there is this important difference; 
that Lind’s hypothesis included a subsequent bimolecular reaction of two 
clusters of opposite charges. 

An observation is cited by Lind concerning the relative efficiency of 
“clustering” collisions as compared with dissociating collisions:—“Kullman^® 
has shown that in systems where ionized hydrogen is undergoing chemical 
reaction it is probable that the collisions of the H+j ions with molecules of the 
other reactant (i.e. clustering collisions) are much more effective than the 
dissociating ones (to give H+ and H+s ions).” This is analogous to the above 
discussion of the decomposition of HI by a platinum surface, i.e. those col¬ 
lisions of HI with Pt which result in the complex Pt(HI)x are assumed to be 
more effective in the decomposition than those resulting in adsorbed 
monatomic hydrogen. 

Summary 

The intermediate compound theory of catalysis is extended so as to pre¬ 
sent a theory of the function of these compounds in gas-phase catalysis. This 
function is to provide a complex (containing the reactants and the catalyst), 
of a sufficiently large number of degrees of freedom, so that the energy of these 
may be available for contribution to the energy of activation. 

New Brunswide, N. J., 

September, 1928 . 

“Proc. Roy. 8oc., 119 A, 591 (1928). 

“ “Chemicd Effects of Alpha Particles and Electrons,” 3nd Edition (1938). 

” Naturwiss, 14 ,427 (1926). 



COAGULATION OF BLOOD AND MILK BY ELECTROLYTES AND 
THE SIMILARITY BETWEEN THE CLOTTING OF BLOOD AND 
THE FORMATION OF JELLIES 


BY N. R. DHAR AND SATYA PRAKASH 

In publications' from these laboratories, we have proved that sols can be 
divided into two groups:— 

(i) The first group of sols consists of ferric hydroxide, aluminium hydrox¬ 
ide, chromium hydroxide, hydrated manganese dioxide, etc. This group 
of sols does not appreciably adsorb ions carrying the same charge as the sols 
when coagulated by KCl, K2SO4, BaCU, etc, and this class of sols does not 
become stable on dilution, does not show the phenomenon of positive accli¬ 
matisation, and shows additive relationships when coagulated by mixtures 
of electrolytes of different valencies. These sols do not show appreciable 
decrease of viscosity on the addition of small quantities of electrolytes. 

(ii) The second class of sols consists of arsenious sulphide, antimony 
sulphide, mastic, Prussian blue, etc. These sols adsorb appreciably ions 
carrying the same charge as the sols. They become more stable on dilution, 
show the phenomenon of positive acclimatisation, and show marked ionic 
antagonism when coagulated by mixture of electrolytes of different valences; 
their viscosities decrease appreciably when small quantities of electrolytes 
are added to them. 

In this communication, we are recording our experimental results obtained 
with blood and milk, showing that blood and milk belong to the second class 
of colloids which adsorb ions carrying the same charge as the sols. Ordinary 
sheep^s blood was collected in a bottle of capacity 200 cc. containing i cc. of 
toluene. During the course of experimentation a part of the blood clotted. 
The part which remained unclotted was utilised for the experiments. 50 cc. 
of unclotted blood were diluted to 250 cc. The volume was kept 10 cc. in 
every case and 2 cc. of this diluted blood were used for coagulation. In the 
case of experiments with concentrated blood, 2 cc. of original undiluted blood 
were taken. Time of observation was kept one hour. In the case of blood. 


Electrolytes 
Sodium citrate 
Potassium oxalate 
Potassium fluoride 
Sodium tartrate 
Ammonium nitrate 
Hydrochloric acid 


Table I 

Concentration necessary ]for coagulation in mols 

Concentrated blood 


Dilute blood 
0.704 M 
1.05 M 
1.653 M 
I. 139 M 
4.65s M 
0.456 M 


0.855 M 
i.368 M 
I.015 M 
4.482 M 
0.387 M 


' J. Phys. Chem., 29 , 435, 659 (1925); 31 , 649 (1927). 
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appearance of turbidity was taken as the coagulation point. For experiments 
with milk boiled cow^s milk was utilised. 20 cc. of it were diluted to 100 cc. 
and 2 cc. of this diluted milk were used in each case. 2 cc. of original undiluted 
milk were taken in experiments with concentrated milk. 

The experiments were carried on at 3o°C. and the results are given in 
Table I. 


Electrolytes 
Sodium tartrate 
Potassium fluoride 
Potassium oxalate 
Sodium acetate 
Hydrochloric acid 


Table II 

Concentration necessary for coagulation in mols 


Dilute milk 

Concentrated milk 

I.210 M 

1.121 M 

2.470 M 

1.960 M 

I.ISS M 

1.050 M 

3.311 M 

2.838 M 

0.228 M 

0.159 M 


The experimental results show that diluted blood and milk are more 
stable towards sodium tartrate, citrate, potassium oxalate, fluoride, hydro¬ 
chloric acid and ammonium nitrate. 

In some previous communications^ we have investigated the sensitising 
influence of gelatine in different sols and we have advanced a general explana¬ 
tion of the phenomenon of sensitisation. In this paper we have investigated 
the influence of traces of gelatine and saponin in the coagulation of blood and 
milk and the experimental results given in Table III have been obtained. 


Table III 

1% solution of Kahlbaum ^^Golddruck^^ gelatine was used. 
2 cc. of dilute blood used, volume kept 10 cc. 

Time of observation—i hour. 


Concentration necessary for coagulation in mols 


Electrolytes 

Dilute Blood 


with gelatine 




0.2 c.c. 

0.5 c.c. 

I.O c.c. 

Sodium citrate 

0.704 M 

0.660 M 

0.627 M 


Sodium tartrate 

1.139 M 

1.121 M 

I.068 M 

1.032 M 

Potassium oxalate 

1.05 M 

0.975 M 

0.94s M 

0.990 M 

Potassium fluoride 

1.653 M 

— 

1.586 M 

1.528 M 

Hydrochloric acid 

0.452 M 

0.452 M 


0.445 M 


Table IV 



One percent solution of saponin 

was used. 



Concentration necessary for coagulation 

in mols 

Electrolytes 

Dilute Blood 


with saponin 




0.2 c.c 

0.5 c.c. 

I 0 c.c. 

Sodium citrate* 

0.704 M 

0.693 M 



Potassium oxalate 

1.05 M 

0.990 M 

1.005 M 

i.ojs M 

Potassium fluoride 

I. 710 M 

1.653 M 

1.606 M 

— 

Hydrochloric acid 

0.452 M 

0.452 M 

0.445 M 



‘KoUoid-Z., 38 , 14 (1926); 39 , 346 (1926); 41 , 229 (1927). 
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Table V 

1% solution of gelatine and 1% of saponin were used. 

2 c.c. of dilute milk made up to 10 c.c. 

Time of observation—i hour. 

Concentration necessary for coagulation in mols 

Dilute 

Electrolytes milk with gelatine with saponin 

0.2 c.c. 0.5 c.c. i.oc.c. 0.2 c.c. 0.5 c.c. i.oc.c. 

Sodium 

tartrate 1.210M 1.157M 1.121M 1.085M — — — 

Hydrochloric 

acid 0.228M 0.228M 0.228M 0.228M 0.216M 0.205M 0.182M 

The above experimental results show that saponin and gelatine render 
blood and milk unstable towards salts. With acids gelatine does not sensi¬ 
tise blood and milk. It seems likely, therefore, that the sensitising influence 
of gelatine is really due to the hydrogen ions present in it. 

The sensitising influence of saponin is difficult to explain. It will be 
interesting to note that saponin sensitises the coagulation of blood and milk 
by salts as well as by acids. It appears, therefore, that the hemol5rtic action 
of saponin on blood is due to its rendering blood unstable towards electro¬ 
lytes. In presence of saponin the blood particles are rendered unstable and 
hence coagulation and hemolysis become easier. 

In previous papers, we have shown that the sensitising influence of gela¬ 
tine towards different sols is due to its containing acids. From our experi¬ 
mental results, it will be seen that hydrochloric acid coagulates blood and 
milk more readily than salts of the same concentration. In other words, 
both blood and milk are very sensitive to the coagulating influence of H’ ions. 
In this respect, blood and milk resemble mastic, gamboge and other readily 
hydrolysable sols. The view that the sensitising influence of gelatine is due 
to the presence of H* ions present in gelatine is supported by the fact that 
there is no sensitisation by the presence of gelatine when blood, and milk are 
coagulated by hydrochloric acid. Consequently, the sensitising influence of 
gelatine on blood and milk is due to the presence of acid in gelatine. 

We have carried on experiments on the coagulation of a sol of hemo¬ 
globin by different electrolytes and we have found that the sol of hemoglobin 
is rendered unstable towards electrolytes by the presence of saponin. 

The stabilisation of blood and milk by the addition of small quantities of 
oxalate, citrate fluoride, tartrate and sulphate ions is certainly due to the 
adsorption of the negative ions from various electrolytes, and the consequent 
increase of the negative charge on blood and milk. We are of the opinion 
that blood an4 milk will show marked ionic antagonism when coagulated by 
ions of varying valencies. 

The following experimental results were obtained in the coagulation of 
blood by ammonium nitrate and by cupric sulphate in presence of small 
quantities of sodium citrate, sodium acetate, potassium fluoride, sodium 
tartrate and potassium hydroxide. 
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Table VI 

2 c.e. of blood made up to 10 oc. 

Time « i hour. 

Amount of electrolyte added in mols Concentration of ammonium nitrate 

necessary for coagulation 


No salt added M 4.482 M 

Sodium citrate 0.022 M 5 *258 M 

Potassium fluoride 0.114 M 4.741 M 

Sodium acetate 0.095 M 4.913 M 

Potassium hydroxide 0.002 M 4*999 M 


Table VII 

2 c.c. of dilute blood made up to 10 c.c. 


Time « i 

Amoimt of electrolyte added in mols 
No salt added 

Sodium acetate . 0966 M 

Sodium tartrate .0178 M 

Sodium citrate .0022 M 

Potassium hydroxide . 0020 M 


hour 

Concentration of copper sulphate 
necessary for coagulation 

0.000025 M 
0.000175 M 
0.000950 M 
0.000200 M 
0.000700 M 


The following results were obtained in the coagulation of dilute milk by 
cupric sulphate in presence of sodium acetate, sodium tartrate, sodium 
citrate and potassium hydroxide. 


Table VIII 

2 c.c. of dilute milk made up to 10 c.c. 
Time i hour 


Electrolytes added in mols 
No salt added 

Sodium acetate 0.00946 M 

Sodium tartrate o. 003 56 M 

Sodium citrate 0.0022 M 

Potassium hydroxide 0.002 M 


Concentration of copper sulphate 
necessary for coagulation 

o.ooii M 
0.0015 M 
0.0015 M 
0.0027 M 
0.0017 M 


The experimental results given in Tables VI-VIII, prove conclusively 
that blood and milk show ionic antagonism markedly when coagulated by 
ammonium nitrate or copper sulphate in presence of small quantities of 
sodium citrate, potassium fluoride, sodium acetate and potassium hydroxide. 
In presence of the above substances the particles of blood and milk are 
stabilised by the adsorption of OH' and other negative ions from the above 
electrolytes. This stabilisation of blood and milk is due to the increase ia the 
amount of negative charge on the particles and is exactly identical with the 
behaviour of sols of arsenious sulphide, antimony sulpMde, prussian blue, 
etc., already investigated. 
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Our experimental results show that the explanation of the stability of 
blood and milk due to the presence of small amounts of citrate, tartrate, 
oxalate, fluoride, etc., based on the view of the removal of the precipitating 
calcium ions by the above negative ions is incorrect. The real explanation 
of the stabilisation of both blood and milk by the presence of sodium or 
potassium salts of the the above acids, is the increase in the charge on the 
particles of blood and milk due to the adsorption of the negative ions and of 
OH' ions derived from the hydrolysis of the sodium or the potassium salts 
of the weak acids already mentioned. 

Recently medical men are using solutions of sodium citrate with great 
success for stopping the outflow of blood with sputum in cases of tuberculosis. 
Concentrated solutions of sodium citrate are intraveneously injected and the 
outflow of blood is stopped in a short time. From the experimental results 
recorded in this paper, it will be evident that the stopping of outflow of blood 
is due to its coagulation by concentrated solutions of sodium citrate. These 
results are interesting in view of the well-known fact that dilute solutions 
of sodium citrate hinder the coagulation of blood. Our results explain satis¬ 
factorily the peculiar behaviour of blood, that it is stabilised and clotting 
is hindered in presence of dilute solutions of sodium citrate, oxalate, fluoride, 
etc., and that the outflow of blood is stopped by concentrated solutions 
of sodium citrate. 

In previous communications^ from these laboratories, we have investigated 
the conditions of the formation of jellies of different substances. We have 
proved that jellies can be divided into three groups. The first group consists 
of gelatine, starch, agar, silicic acid, soaps, manganese arsenate, zinc ar¬ 
senate, vanadium pentoxide, ceric hydroxide, etc. In this group, the par¬ 
ticles forming the jellies, consist of some kind of network. These substances 
produce most stable jellies and are formed very readily. The second group 
of jellies is obtained by the slow coagulation of the sol throughout its whole 
mass. Possibly, hydroxides of iron, aluminum, and chromium, form typical 
members of this group and the particles of this group need not consist of a 
network. The stability of this group is less than that of the first group. Both 
these groups have marked affinity for water. The third group forms the von 
Weimam jellies which are the least stable ones. These jellies consist of finely 
divided substances which are precipitated very suddenly. 

We are of the opinion that clotted blood is nothing but a jelly which is 
similar to that obtained in the first group of substances consisting of par¬ 
ticles forming a net-work. In previous papers, we have proved that the stable 
jellies of ceric hydroxide, vanadium pentoxide, and silicic acid undergo 
syneresis in course of time due to the decrease of the hydration tendency of 
the particles forming the jelly. 

It seems likely that the blood as a whole is an unstable hydrophile col¬ 
loid, which sets to a jelly very readily. In many respects, blood is something 
like ceric hydroxide sol. On keeping blood, it forms a gel very readily; in 

^Z. anorg. allgem. Chem., 152 , 399 (1926); 164 , 63 (1927). 
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this respect, it is certainly less stable than ceric hydroxide sol prepared in the 
cold. When blood sets, it undergoes syneresis very readily. The syneresis in 
case of blood is a much quicker process than in the case of other inorganic 
and organic jellies. It seems likely that the coagulation of blood or of milk 
by concentrated solutions of sodium tartrate, citrate, potassium fluoride, 
oxalate, etc., is real coagulation and not clotting or gelation. When syneresis 
sets in in the case of blood, the hydration tendency of the blood decreases 
and dehydration begins with the separation of fibrin. We must try to find 
out with a sol of ceric hydroxide prepared in the cold whether there are 
two different points, (i) the gelation or the clotting point and (ii) the actual 
coagulation point. The clotting point would be similar to that of the clot¬ 
ting of blood, and the coagulation point would be similar to the point ob¬ 
tained with blood, with the concentrated salt solutions of sodium, potassium 
or ammonium salts already mentioned and with salts of heavy metals like 
silver nitrate, copper chloride and ferric chloride etc., and possibly HCl. 
There is an interesting point that the coagulation of blood and milk can be 
effected very readily with acids, and in this respect it resembles mastic, 
gamboge, and other readily hydrolysable sols. 

We have shown that when from a sol, a jelly is formed readily, the par¬ 
ticles must have a tendency to form a network or mesh and we are convinced 
that the blood also consists of particles which form network or mesh very 
readily. Consequently, blood belongs to the group of sols like those of 
vanadium pentoxide, ceric hydroxide, gelatine, albumin, starch, etc. When 
viewed with a powerful microscope, the fibrin crystal appears as wooly, 
finely divided crystals. We have observed that when a jelly, like that of zinc 
arsenate or manganese arsenate is broken up, it cannot re-form the jelly 
because the network which is formed from the particles is destroyed. Now 
with blood, exactly similar behaviour is observed. If a big blood clot is taken 
out and churned, the clot is broken up into a mobile fluid which does not 
re-set readily. Similarly, starch jelly and gelatine jelly, when broken, do 
not re-set readily. Consequently, in many respects blood and possibly milk 
resemble a sol of vanadium pentoxide or ceric hydroxide or manganese ar¬ 
senate, though blood is far less stable than the other sols. The important 
question which now arises and remains unanswered is—why do blood and 
milk not coagulate in the animal system? In the case of blood, it seems likely 
that the clotting is prevented in the system by the motion of the fluid. When 
the motion is disturbed by some means or other, clots or thrombi are formed. 

Moreover, from some recent experiments, it has been proved that the 
clotting tendency is most marked near the neutral point of blood. On the 
acid side and alkaline side, the charge on the blood is increased and hence the 
hydration tendency is less and hence clotting happens with greater difficulty 
in alkaline or acid solutions of blood. ^ 

If blood received in a vessel is not stirred, the clot forms uniformly through¬ 
out the whole quantity of blood, converting it to a solid, rather dry, firm mass. 
Such a clot is of uniform dark red colour. If it be squeezed, a dark red fluid 
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is forced out which is identical with defibrinated blood. If the fresh blood be 
kept very cold or if it be received in an oiled dish, it will not clot so quickly; 
and since the red corpuscles are heavier than the plasma, there may be time 
for them to sink to the bottom in a very thick layer. The leucocytes are 
lighter and rest in a layer on top of the red corpuscles, whilst above, there is 
some plasma almost free from cells. By this time, clotting occurs throughout, 
the clot differing from the uniform red one formed by rapid coagulation in 
the presence of a greyish yellow upper layer which contains most of the 
leucocytes and platelets. This slow clotting showing the effect of gravity is 
seen very commonly in the heart at autopsy, for the intact endothelial lining 
of the heart keeps its contents a long time without clotting. Then the deep 
red portion of the clot is in the dependent part, while the tough, elastic, 
translucent yellowish substance occupies the uppermost part of the heart. 

The foregoing results can be explained from the view that blood consists 
of a mixture of colloids having different densities. If the clotting is very 
rapid as it usually happens when the blood is shed, network or meshes are 
formed and the whole of the liquid is adsorbed in the network, and a uniform 
jelly is obtained, there being no time for the separation of the colloids ac¬ 
cording to their difference in densities. When the clotting is retarded, there 
is time for different colloids to be separated in different layers, and we get 
clotting in different layers. We are of the opinion, therefore, that blood con¬ 
sists of a mixture of colloids and forms a very unstable system, and has a 
great tendency to clot. This clotting tendency is very likely caused by the 
same forces which cause the gelation of sols of silicic acid, vanadium pentoxide, 
ceric hydroxide, starch, gelatine, etc., and is probably due to the increase in 
the hydration tendency of the particles which form a network. 

It is well-known that the action of copper on nitric acid is an autocatalytic 
process, because the product nitrous acid markedly accelerates the reaction. 
It seems likely that the clotting of blood is also autocatalytic in its nature, 
because the liquid given out immediately after clotting accelerates the clot¬ 
ting process. Hence we are of the opinion that the clotting of blood is a 
process which takes place by itself due to the extremely unstable nature of 
blood and is not initiated by thrombin or any other substance. It seems 
likely, however, that thrombin and other products derived after clotting 
markedly accelerate the clotting process. The syneresis that is observed 
is really an ageing phenomenon which is observed with most other gels and 
is due to the decrease in the free surface and the activity and hydration 
tendency of the particles forming the jelly. We have repeatedly observed 
that sols of silicic acid, vanadium pentoxide, ceric hydroxide, etc., form 
transparent jellies by merely keeping in a stoppered bottle at the ordinary 
temperature. In course of time these stable jellies undergo syneresis. Ex¬ 
actly similar behaviour is observable with blood, the only difference being 
that the blood is far less stable than the inorganic sols; and the clotting and 
syneresis are quicker processes in blood than the gelatin and syneresis ob¬ 
served with the inorganic sols. 
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Suminaiy 

1. Dilute blood and milk are more stable than concentrated blood and 
milk towards their coagulation by sodium citrate, sodium tartrate, sodium 
acetate, potassium oxalate, potassium fluoride, ammonium nitrate, and 
hydrochloric acid. 

2 . In presence of small quantities of sodium citrate, potassium fluoride, 
sodium acetate, sodium tartrate, or caustic potash, blood and milk are stabil¬ 
ised towards their coagulation by ammonium nitrate, or copper sulphate. 
This stabilisation is due to the increase in the amount of negative charge on 
the particles of blood and milk by the adsorption of OH' and other negative 
ions from the salt solutions. 

3. Blood and milk behave like sols of arsenious sulphide, antimony 
sulphide, Prussian blue, etc., which are known to adsorb ions carrying the 
. same charge as the sols. 

4. Saponin and gelatine render blood and milk unstable towards salts, 
with acids, gelatine does not sensitise blood and milk. It seems that the 
sensitising influence of gelatine is due to the H* ions present in it. 

5. It appears that the hemolytic action of saponin on blood is due to 
its sensitising influence and its rendering blood unstable towards electro¬ 
lytes. 

6. The explanation of the stability of blood and milk in presence of small 
amounts of nitrate, oxalate, fluoride, etc., is based on the fact that the electric 
charge of the particles is increased by the adsorption of negative ions and 
not on the removal of precipitating calcium ions by the above negative ions 
as has been hitherto believed. 

7. The clotting of blood seems to be guided by the same laws as the 
formation of jellies of vanadium pentoxide, ceric hydroxide, silicic acid, etc. 
The only difference seems to be that blood is far less stable than the inorganic 
sols; and the clotting and syneresis are quicker processes in blood than the 
gelation and syneresis observed in organic and inorganic sols. 

Chemical Laboratory, 

Allahabad University, 

AUahabad, India. 
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Physiology and Biochemistry of Bacteria. By R. E. Buchanan and E. /. Fulmer. 
Vol. I. 23 X 15 cm; pp. xii 516. Baltimore: The Williams and Wilkins Companyy 1928. 
Price: $7.50. ‘The present volumes are the result of a belief on the part of the authors that 
there exists a need for a compilation and systematization of material relating to the physiol¬ 
ogy of microorganisms, particularly of the bacteria, yeasts, and molds, material which 
has been published in widely scattered contributions. They constitute essentially a com¬ 
bination and revision of the lectures on physiology of bacteria and on biophysical chemistry 
given at the Iowa State College to students of bacteriology,” p. xi. 

The chapters are entitled: introduction and scope of physiological bacteria; chemical 
composition of the cells of microorganisms; physico-chemical and physical characteristics 
of microdrganisms and their environment; energy relationships, growth and movement of 
microdrganisms. 

An explanation of the lag phase more in accord with observed facts may be found in the 
assumption by the bacterial cells of the ‘rest period’ comparable to the resting stages so 
often assumed by higher forms. “It is a well known fact that at certain stages in the life 
history of many plants certain cells or tissues are developed which pass into a resting stage. 
When these are morphologically well differentiated they are termed spores, sclerotia, etc., 
in the lower forms, and seeds, bulbs, tubers, etc., among the higher types. In many cases 
cells or tissues pass into a similar resting stage as a result of certain environmental in¬ 
fluences, without showing marked morphological differentiation. These resting cells are 
usually aroused to renewed growth and activity only as a result of certain stimuli. The 
cold of winter followed by the warmth of spring may be the stimulus which causes buds to 
develop. Some seeds will germinate only after the seed coat has decayed or has been 
scratched or corroded by acid. Bacterial spores form at certain stages in the life history 
of the bacteria, but do not usually germinate in the parent culture in spite of abundant 
moisture, food and optimum temperature. Germination takes place under the stimulus of 
change to some new medium. It is altogether probable that most bacteria, whether endo- 
spore producers or not, enter into such a resting stage, (anthrosporous condition). When 
the cell is not morphologically differentiated as a spore this resting period is probably more 
transitory than in a spore, but it is nevertheless just as real. 

“What happens, then, when a considerable number of bacteria in the resting stage are 
transferred to a medium suitable for development? If we were to examine the culture mi¬ 
croscopically we would find that the bacteria would not all begin development at once, 
probably for the same reason that seeds placed under uniform favorable conditions for 
growth do not all germinate at the same instant. Cell divisions will occur in a few cells 
first, followed by larger numbers at succeeding intervals of time until a maximum has been 
reached and passed, and at last all cells have ‘germinated.’ As soon as a cell has actually 
germinated, there would seem to be no a priori reason why it should not thereafter multiply 
rapidly, showing practically at once a minimum generation time. There is no more reason 
to suppose that the length of time it takes a bacterial cell to germinate will affect its sub¬ 
sequent rate of growth than to assume that plants derived from seeds slow in sprouting 
grow more slowly than those from seeds soonest sprouted. After any cell has once ‘ger¬ 
minated,’ then, it would proceed to increase in numbers in geometrical progression. It is 
evident that as more and more of the dormant cells ‘germinate’ and start to divide the 
average generation time will continue to decrease until all have ‘germinated.’ Theoretically 
the lag period would continue until the last viable cell had started to multiply; practically, 
however, it ceases before this as the rapid increase in the bacteria which have germinated 
soon makes the ungerminated cells such a small fraction of the whole number that their 
inclusion is within the limits of error of measurement of the numbers present. It should be 
noted that this does not imply that there cannot be acceleration of growth due to the pres¬ 
ence of other growing cells. Robertson (1924) has shown that when two protozoan cells 
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are planted in a drop of nutrient medium more than twice as many cells may be produced 
in a given time than would be produced from a single cell isolated in this fashion. This 
mutual effect he has termed aUelocatalysiSf* p. 26. 

“Many investigators have concluded that when bacteria are subjected to the action 
of unfavorable environment, such as would exist in an old culture or would be due to the 
presence of disinfectants, they die off in approximate conformity with the law which governs 
monomolecular reactions. If the logarithms of the numbers of bacteria surviving after 
various lengths of time are plotted against time, they will be found to lie on a straight line,” 
P-42. 

“Unna has proposed a system of chromolysis for identification and differentiation of cell 
constituents. It has been used by him and his associates largely in the study of tissues of 
animals and the cells of protozoa, but it is not improbable that the method may be adapted 
to the study of other microorganisms. The method consists in the utilization of a careful 
selection of dyes, frequently used in combination and mixtures, and of reagents which will 
dissolve certain cell constituents. By use of the various stains and reagents it is possible 
to determine with a considerable degree of accuracy the distribution of the components of 
the cell. Unna and Tielemann (1917, p. 66) studied by this method the chemistry of an 
ameba. A review of this work and results will give the form the technique must assume 
when applied to microorganisms. Amebae from hay infusion were fixed upon a glass slide 
by means of the vapor of osmic acid. By treatment with various stains and preliminary 
treatment with various solvents, it is possible to determine something as to the chemical 
nature of the various parts of the ameba cell. These cell constituents are divided primarily 
into the basic proteins, the acid proteins, and the lipoids. The basic proteins most difficultly 
soluble are stained with hematoxylin and are dissolved by a i per cent trypsin solution; 
they are present in the inner nucleus, outer nucleus, endoplasm, and ectoplasm. The 
more easily soluble basic proteins are stained also with hematoxylin. Those soluble in 
distilled water are present only in the endoplasm in the reticular structure. Those soluble 
in 2 per cent NaCl are present only near this reticulum. The protamins are stained red by 
Giemsa stain and are not soluble in potassium hydrate solution or in pepsin. They are 
prominent in the outer portion of the nucleus. Among the acid proteins the globulin is 
stained by polychrome methylene blue. It is soluble in 2 per cent NaCl, and is present in 
the inner nucleus, and in some parts of the endoplasm, and the ectoplasm. The albumoses, 
soluble in distilled water, are present in the recticulum of both the endoplasm and the 
ectoplasm. Lipoids such as fatty acids, glycerinated fats, cholesterol esters, and lecithin, 
stain with polychrome methylene blue, are soluble in acetone alcohol, and benzine, and are 
present both in endoplasm and ectoplasm. 

“Gutstein (1925) by the use of tinctorial methods believes it possible definitely to 
designate the chemical constituents of various parts of the bacterial (or yeast) cell. The 
nucleus (macrogranule or macronucleus) which he finds uniformly present he believes con¬ 
tains a protein phosphatid compound in which the acid constituent is probably a lecithin 
proteid. The microgranule (or micronucleus) which he also believes to be present in all 
cases consists of lipoid-protein compounds. In cells which produce spores he finds con¬ 
sistently bodies (Sporenanlagen) consisting of neutral lipoid (a cholesterol ester) and 
surrounded by an outer membrane consisting of a lipoid-protein compound,” p. 63. 

Nucleic acid contains combined phosphoric acid, p. 87. “Nucleoproteins are present 
in yeasts. The nucleins and more particularly the nucleic acids have been frequently 
studied. The nucleic acid is easily soluble in dilute alkalies, and precipitated by acids. 
Concentrated solutions of sodium nucleinate are readily gelatinized. The work of Levene 
and his co-workers has shown the nucleic acid probably to be composed of four mononucleo¬ 
tides united,” p. 89. 

“Many species of bacteria, yeasts, and molds are known to contain granules of a nitro¬ 
genous ^reserve food stuff.' These take the basic aniline dyes when stained, an 4 ar6 termed 
metachromatic granules because of their staining resemblance to chromatin. These are 
BO characteristic of some microorganisms (as the diphtheria bacillus) that they are used 
in microscopic differentiation. 
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‘^Grimme (1902) and Meyer (1912) term these volutin granules. They appear in the 
protoplasm of the cell as small, colorless, amorphous masses which are somewhat more 
refractive than the cytoplasm, but less refractive than the fat droplets. The crushing of a 
large cell containing the granules shows them to be somewhat viscous and plastic, never 
brittle. They may occur singly or in groups, irregularly distributed, in a row, or at the 
poles. Their chief microchemical characters are the following: The volutin granules dis¬ 
appear from dead bacteria kept in water for two or two to three days. They dissolve in 
water at 8o®C, in five minutes, in boiling water still more quickly. When fixed in the flame, 
by alcohol, or formaldehyde they dissolve less readily. They are insoluble in picric acid, 
alcohol, chloroform and ether, and are slowly dissolved by chloral hydrate. They are 
readily soluble in dilute and concentrated alkalies, soluble in strong but not in week acids. 
Eau de Javelle dissolves the granules within five minutes. They are not dissolved by 
trypsin or pepsin. Volutin is stained blue by methylene blue, and retains the stain even 
when treated with i per cent sulphuric acid. It is Gram negative. It takes up fuchsin and 
ruthenium red. “Meyer (1912) believes the volutin granules to be nucleic acid compounds, 
but not nucleoprotcins. These granules have been described for many species of bacteria, 
yeasts, fungi and even higher plants,'' p. 90. 

“Chitin is so closely related to the polysaccharide, and in plants so frequently occupies 
a corresponding position to cellulose in the cell structure, that it is considered at this point 
even though it is a nitrogenous compound. Chitin apparently (Zeuplen, 1922) is a polymer 
of glucosamine in which each amino group is acetylated," p. 98. 

“Glycogen is another compound with the conden^sed formula (C6HioC)6)n. The work 
of Karrer and his associates shows it apparently to be very closely related to starch, the 
products of hydrolysis being identical. Possibly the principal difference is in degree of 
polymerization. It may be recognized in microorganisms as cell granule's which color a 
beautiful reddish brown with iodine potassium iodide. The absence of color, however, is 
not proof of the absence of glycogen, as when present in small quantities it does not show 
the characteristic color with iodine. 

“In bacteria these granules are not visible in uncolored preparations, they appear brown 
red when treated with strong iodine j^otassium iodide. In fresh (i.e., unfixed) preparations 
dyes do not stain the granules readily. In fixed preparations strong dyes reveal the ghi- 
cogen as light colored masses. Fuchsin, methylene blue and Gram's stain all color the 
granules. 

“Glycogen is the common reserve carbohydrate of animal tissues. Apparently the 
glycogens of fungi and animals are identical, at least they resemble each other in their 
chemical reactions and in their relationships to the enzyme glycogenase. The question has 
been raised (Kruse) however, as to whether all granules which give this coloration with 
iodine are glycogen. Attention is called to the fact that erythrodextrin also gives it. 

“Meyer (1912) includes all the carbohydrate granules of bacteria under the names 
glycogen and iogen. He states that both are developed in cytoplasmic vacuoles. The gly¬ 
cogen may be diffuse, but is usually in the form of more or less viscous colorless masses. 
The granules of iogen appear somewhat more refractive. The glycogen and iogen are dif¬ 
ferentiated by their reaction to iodine, the former becoming brown, the latter blue. . . . 
From 25 percent even to 40 percent (Henneberg) of the dry substance of yeast is glycogen. 
It is quite variable in amount, depending upon the age of the culture. If yeast is made 
glycogen-free by starvation, the glycogen appears again in two to three hours alter the 
cells are placed in a glucose solution," p. 102. 

“The lipins may be defined (MacLean, 1918) as substances of a fat-like nature, yielding 
on hydrolysis fatty acids or derivatives of fatty acids, and containing in their molecule 
either nitrogen or nitrogen and phosphorus. The lipins may be classified into those con¬ 
taining fatty acids, nitrogen, and phosphorus (the phosphatides), and those containing 
fatty acids, nitrogen, and a carbohydrate group, but no phosphorus (the cerebrisides)," 
p. I13. 
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“Several inorganic elements and compounds have been noted as granules, crystals, etc., 
in or on microbrganisms. The most important of these are free sulphur, ferric iron com¬ 
pounds, and salts (carbonate and oxalate) of calcium. 

“Free sulphur. Globules of free sulphur are found in many of the ThiohacterialeSf though 
not in all. They are particularly prominent in the filaments of Beggiatoa, and certain 
spirilla. The abundance of the granules is apparently dependent upon the supply of 
hydrogen sulphide to the organisms. They exist in the protoplasm as spherical, oleaginous, 
strongly refractive droplets. In dried preparations the sulphur will dissolve in absolute 
alcohol, in caustic alkalies, and warm sodium sulphite, and very readily in carbon disul¬ 
phide. It does not dissolve in boiling water or glycerol or in hydrochloric acid. Osmic acid 
stains the granules brown. If filaments rich in sulphur globules are heated to 70® the drop¬ 
lets flow together. In dead filaments the sulphur crystallizes in long transparent mono¬ 
clinic prisms or small black rhombic octahedrons. Gasperini questioned the nature of the 
globules because he found they dissolved in acetic acid. Corsini (i 905 )» however, found 
that sulphur globules are thus dissolved, and appear on the outside of the cell in crystalline 
form,” p. 137. 

“A curious anomaly was reported by Berczeller (1917). He found that salts which 
raised the surface tension of water have the opposite effect when added to colloidal solutions, 
especially of gelatin and other proteins. This change he associates with the driving of the 
protein into the surface, i.e., a salting out effect. Furthermore, the addition of salts 
to a dilute phenol solution produces a lowering of surface tension even greater than that of 
proteins solutions. This is of particular importance in the media used in the bacteriological 
laboratory. It may be emphasized that the effects of capillary active and inactive sub¬ 
stances are not additive. A medium containing proteins or other colloidal substances 
may have its surface tension decreased by the addition of a salt which would increase the 
surface tension of pure water,” p. 161. 

“In recent years investigators have attempted to secure quantitative relationships be¬ 
tween hydrogen ion concentration and soximess. Harvey (1920) showed that the sour taste 
depends on both the hydrogen ion concentration and the total free acid present. Paul 
(1922) pointed out the fact that acids of the same dissociation constant vary considerably 
in sourness at equivalent concentrations. He arranged the following acids in the order of 
increasing equivalent sourness: carbonic acid, cream of tartar, acetic acid, lactic acid, hy¬ 
drochloric acid and tartaric acid. Ostwald and Kuhn (1921) point out the general relation 
between the sourness of an acid and its effect upon the swelling of tissues, i.e., the sourer 
acids cause the greater swelling. They state that solutions which contain buffers are 
considerably more sour than solutions of the pure acid at the same hydrogen ion concen¬ 
tration. This effect of buffers has been emphasized by Liljestrand (1922),” p. 248. 

“It is apparent that the suspension of nonconducting particles in an aqueous solution 
of electrolytes will tend to reduce its conductivity due to the mechanical blocking of the 
passage of ions. That this actually occurs has been shown by Oker-Blom who found that a 
suspension of finely divided quartz reduced the conductivity of a solution in direct pro¬ 
portion to the quantity in suspension. When 61 parts of quartz were added to a solution 
of NaCl the conductivity was reduced by 75 per cent,” p. 370. 

“Bacteriologists recognize a large order or group of bacteria, the socalled sulphur bac¬ 
teria, or Thiohacteriales which exhibit a special sulphur metabolism. Many of these grow 
only where hydrogen sulphide is present in small amounts. Such presence of hydrogen 
sulphide is evident in water of certain springs (socalled sulphur springs) is developed under 
araerobic conditions by various microorganisms from sulphates and from organic com¬ 
pounds. They have been found to be most abundant in certain regions in salt water. A 
considerable area in the Black Sea shows this characteristic. ... 

“In order to secure cultures of bacteria of this group various methods have been proposed. 
If mud from a bog containing decaying roots is placed in a tall jar of water, and some gypsum 
added, there will be a gradual reduction of the sulphate with formation of hydrogen sul- 
phid under the anaerobic conditions existing at the bottom. Oxygen will be absorbed 
through the surface of the water. Many of the sulphur bacteria are microaerophilic, in con- 
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sequence they begin to grow in a layer or ring some distance from the surface. Frequently a 
membrane is formed at this point which has short tassel-like outgrowths which project 
downward. 

“Microscopic examination of certain of these sulphur bacteria will show highly re¬ 
fractive granules which may be readily determined to be sulphur by microchemical tests, 
such as solubility in carbon disulphide, and by the crystals formed upon evaporation of 
the carbon disulphide upon a glass slide. A further study of the microorganism will show 
that the sulphur in the cells may be oxidized in a basic solution of calcium salts. To the 
organisms which are able to produce these changes hydrogen sulphide is so essential that 
growth will not occur in a medium from which it is absent. Apparently the observation 
of sulphur granules was first made by Cramer (1870) in the cell of Beggiatoa. They have 
since been recorded for a number of species of bacteria and Oscillatoria (Corsini, 1925). 

“The amount of hydrogen sulphid which may be oxidized by organisms such as Beg¬ 
giatoa may amount dally to from twice to four times their weight. Whether any organic 
suV>8tances are necessary for growth is not entirely clear but if necessary, they need be 
present only in very small amounts. The addition of sugar, peptone, etc., apparently is 
unfavorable, although this may be due to the encouragement of the growth of other kinds 
of bacteria. 

“The evidence that COj is assimilated is strong, but the difficulties in the way of pure 
culturing of these bacteria have interfered with positive proof,” p. 417. 

“A considerable group of the sheathed bacteria {Chlamydohacteriales) are commonly 
termed iron bacteria because they grow only in waters containing iron or manganese, and 
deposit the oxides of these elements in the sheaths or membranes surrounding them. The 
action is so pronounced as to be of economic importance. Cities using a water supply 
high in iron find it necessary to remove this iron before distribution in the mains to pre¬ 
vent the deposition of ‘iron rust’ in such amounts as to clog them. It is probable that many 
of the great bodies of iron ore have been deposited largely as a result of this type of action. 

“Microscopic examination shows that the sheaths of organisms such as the Crenothrix 
polyspora and Leptothrix ochracea are encrusted with a layer which gives the reactions 
of iron oxyhydrate. Winogradsky (1888) believed that the oxidation of ferrous to ferric 
iron was an essential part of the life activities of the organism. Ferrous carbonate is taken 
up from the water and in the cell transformed into soluble ferric salts, and finally deposited 
as insoluble ferric salts in the sheath. He concluded that this oxidation process con¬ 
stituted a valuable source of growth energy to the plant,’’ p. 247. 

As these quotations show, there is a good deal of interesting matter in this book. On 
the other hand, a surprisingly large proportion of the text is devoted to introductory physi¬ 
cal chemistry. The authors seem to have tried to do two independent things. One is to 
give the physiology and biochemistry of bacteria. The other is to teach physical chemistry 
to the biologists. The second is a praiseworthy aim and this may be the only way to do it; 
but it does seem to the layman as though two books would have been better than one. 
It is quite possible that this book was written to meet existing conditions at Iowa State 
College; but the reading public is not particularly interested in purely local needs. Prob¬ 
ably the later volumes will be better in this respect than this one. 

Wilder D. Bancroft 

Colloid Chemistry. By The Svedberg. Second edition. 24 X 16 cni; pv. 302 . Nev) York: 
Chemical Catalog Companyj 1928 . Price: $* 5 . 50 . The first edition was reviewed about five 
years ago ( 28 , 772). In the preface to the second edition, the author says: “This new edition 
has been thoroughly revised and considerably enlarged. In the four years that have elapsed 
since the completion of the manuscript for the first edition considerable advances have been 
achieved in colloid chemistry. The application of X-ray analysis to the study of sols and 
gels has proved of fundamental importance in the elucidation of the structure of the col¬ 
loidal particle. More space has therefore been given to the discussion and demonstration 
of the X-ray method and the results attained by it. Improvements in the technique of 
ultramiscroscopy are reported and some interesting new results concerning oriented coagu- 
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lation are mentioned. Improved methods for the measurement of diffusion and cata« 
phoresis and some results gained by these methods are described. The recognition of the 
high importance of the so-called Donnan potentials in a great many colloid phenomena has 
necessitated a revision of the chapter dealing with this phenomenon. 

“In the present edition as well as in the first one relatively more space has been devoted 
to the description of investigations made in the author^s laboratory than to the reporting 
of other work. Thus a comparatively complete review of the new methods of colloid 
analysis by means of the ultracentrifuge is given in this edition. It was thought that the 
advance already achieved by the application of these methods to the study of the size 
and to the distribution of sizes of particles as well as to the determination of molecular 
weights would justify the relatively extensive description.^* 

“As to the mechanism of the formation of spray, we do not know very much, but it 
does seem that it would not be a simple disintegration of the liquid by the gas jet but must 
rather be due to the formation of bubbles or thin lamellae of the liquid. These lamellae 
then explode when we have the air bubble rising through the liquid to the surface. A very 
thin liquid film is formed. That means an immense increase of the surface and this film 
breaks up in pieces of liquid lamellae and these pieces of the liquid will, according to the 
surface tension, contract to minute drops,** p. 25. 

“A very interesting method for preparing sols by condensation in vacuo has quite re¬ 
cently been developed by Roginsky and Scholnikoff. Their apparatus consists of a glass 
vessel with two containers for the dispersion medium (for example benzene), one for the 
substance to be dispersed (for example sodium) and one to collect the resulting sol. The 
ground-glass stopper carries a tube for liquid air. Before starting the experiment the ben¬ 
zene containers are kept in liquid air for some time, and the whole vessel is evacuated by the 
aid of an aggregate of Langmmr pumps to about io“* mm. mercury. Then the upper tube 
is filled with liquid air and the temperatiu'e of the benzene is allowed to rise a bit. Benzene 
then condenses on the walls of the liquid air tube. If now the tube with sodium is heated 
(with an electric oven arrangement) sodium vapors condense together with the benzene, 
and we get a frozen highly dispersed sol of sodium in benzene on the walls of the liouid air 
tubes. When sufiicient condensate has been formed, the liquid air, is removed, and the tube 
is allowed to warm up. The sol, therefore, melts, and drips down into the sol container. 
The method seems especially valuable in cases in which the dispersion medium is easily 
decomposed when the ordinary electric methods are used. In fact Roginsky and Scholni¬ 
koff succeeded by this method in the preparation of sols of alkali metals in benzene, hexane, 
xylene and toluene, which earlier had not been possible,*’ p. 32. 

“In any case electrodialysis reduces the time necessary for purification to a considerable 
extent. But this is not the only advantage. It also enables the removal of the last traces 
of electrolytes from certain biocolloids. As it is often just the last traces of salts, which 
cannot be removed by ordinary dialysis, that are important in determining the state of the 
sol, this method has been widely used in the preparation of proteins, starch enzymes, and 
antibodies in a hitherto unknown degree of purification. Some proteins, for example, are 
soluble only in water of a certain electrolyte content, and can be partly precipitated by 
ordinary dialysis, but to precipitate them completely electrodialysis is necessary. In this 
way it has been possible to separate globulins from solutions of egg albumin, serum al¬ 
bumin, hemoglobin and so on. Even solutions of egg albumin that had been recrystallized 
three times and then dialyzed seemed to contain some substance of high molecular weight 
that could be removed by electrodialysis,** p. 90. 

“Adair measured the osmotic pressure of salt-free, isoelectric hemoglobin solutions and 
obtained a value, correspondin^g^o a molecular weight of about 67000. This corresponds 
to about four times the minimum molecular weight 16700 that we obtain from the iron 
content of hemo-globin if we assume that each molecule only contains one Fe atom^ Earlier 
osmotic measurements of Hufner gave values of about 16700 and were given much atten¬ 
tion, but are probably in error. Both Sfirensen’s and Adair’s results agree very well with 
those obtained by extensive molecular weight determinations by centrifugal methods, per¬ 
formed in the author’s laboratory,** p. 139. 
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**For high centrifugal forces—from 8000 up to 110,000 times gravity—another type 
of ultracentrifuge has been built. The cells are similar to those used in the low speed 
centrifuge. The steel collar with its cell is put into a steel shell together with the discs and 
diaphragms mentioned above. The rotor of the centifuge, 15 cm. in diameter and 6 cm. 
thick, is made of a solid chrome nickel steel forging. It is kej)t in motion by means of two 
small turbines, one at each end of the shaft of the rotor, and driven by high pressure oil, 
giving it a maximum speed of 44,000 r.p.m. The axis of rotation is horizontal. The bear¬ 
ings carrying the rotor shaft are lubricated and cooled by means of a rapid current of oil 
pressed through the bearing clearances and oil grooves,” p. 152. 

“These two methods [of sedimentation velocity and sedimentation equilibrium] have 
been u.sed extensively in the author’s laboratory for the important and interesting problem 
of the determination of the molecular weights of proteins. They give results that agree 
well among themselves. The osmotic pressure method was the only one by which it had 
previously been possible to get any information about the molecular weights of the pro¬ 
teins. A great many attempts were made to apply it to this problem, but only a few of 
them have given reliable results. The centrifugal methods have several advantages over 
this procedure. ^11 the difficulties that are connected with the use of membranes are 
avoided. The determinations can be jierformed in very dilute solutions la few hundredths 
of I per cent) which facilitates the determination in cases in which complications are due to 
aggregation, gel formation and so on appear in more concentrated solutions. Furthermore, 
the solubility of some proteins is so low, that only low concentrations can be used, ''rhere 
is no possibility of measuring the osmotic pressure in concentrations like those mentioned 
above. Some proteins have such a high molecular weight that the centrifugal method is 
the only possibility. An example of this is hemocyanin (from the snail helix), with M = 
5 X io«. 

“It is interesting that in cases where a protein has several light absorption bands it is 
possible to determine whether these bands all belong to a compound of one definite mole¬ 
cular weight. Nichols was able to show in the case of very pure hemoglobin that the light 
absorption in the yellow, green, blue, long-waved ultraviolet (X = 366/uM) and short-waved 
ultraviolet (X = 270/4/1) all belong to a substance of the molecular weight M = 68,000,” 
p. 163. 

When a colloid is studied by the Debye-Hcherrer-Hull X-ray analysis, an experimental 
difficulty is that the colloid to be studied must contain the disperse phase in a rather high 
concentration. “For most colloids studied the sol itself has not been used but only the 
disperse phase as obtained by ultrafiltration, evap)oration, or centrifuging. Sols often 
coagulate very rapidly under the intense X-ray illumination. To avoid this, Bjornstahl 
has used an X-ray camera with the sol streaming in a fine cylindrical jet through the center 
of the camera. It is important to note that if the substance can exist in several allotropic 
modifications, the method renders it possible to decide which of them constitutes the par¬ 
ticles, by comparing the colloid X-ray diagram with diagrams of macroscopic crystals of 
those modifications,” p. 185. 

“Szegvari and Zocher investigated old and concentrated V2O6-S0IS in the ultramicro¬ 
scope, using the cardioid condenser and azimuth diaphragm. Figure 155 shows a photo¬ 
graph taken with this arrangement. It appears as if the particles had arranged themselves 
in cloud-like swarms. If the position of the azimuth diaphragm is changed, these swarms 
seem to disappear but others appear instead. This shows that the particles in each sw^arm 
must be oriented to a certain degree, the direction of orientation being different for different 
swarms. This is also evident from observations made in polarized light between crossed 
Nicol prisms. Figure 156 shows a picture from experim^pts by Zocher by this method. 
Evidently the swarms possess a double refraction. With the first arrangement one could 
even observe a weak scintillation within the clouds, due to the Brownian movement of the 
particles. The orienting forces are not very strong. In fact, if the sol is shaken up a little, 
the clouds disapflear, but after some time they were formed again. 

“Scintillations could be seen only in the light spots, but not at all in the dark parts. 
Therefore Szegvari drew the conclusion that the particles perform an oscillating, rotatory 
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Brownian movement about a certain equilibrium position. These oscillations should be 
insufficient to change the orientation to such an extent that the particles in the dark regions 
now and then could be observed. The translatory Brownian movement of certain particles 
could be observed directly and was found oscillatory. 

“Similar phenomena can be observed in some other sols with nonnsymmetrical par¬ 
ticles, e.g. benzopurpurine solutions. Iron oxide sols, the particles of which probably are 
disk-shaped, when settling may form equidistant layers showing beautiful interference 
colors, p. 273. 

“A special interest attaches to the so-called fiber diagrams first observed by Scherrer 
and by Herzog, Jancke and Poldnyi. If, for example, in investigating silk or cotton, fibers 
are used without having been ground to a fine powder, and are placed with their axes paral¬ 
lel to the axis of the cylindric camera, diagrams similar to those in Figure 167 A (silk) and 
B (cotton) are obtained. Poldnyi showed that this kind of diagram must be obtained from 
preparations in which there is a certain orientation as for example the length axis of the 
crystals. 

“From X-ray investigations we can also get some information as to the mechanism of 
swelling. After swelling in salt solutions the diagram of cellulose is not changed. There¬ 
fore, in this case, the swelling water does not penetrate into the crystals themsleves, but 
probably only between them. For inulin, swelling in water, however, the diagram shows 
that the crystal lattice dimensions really are changed,” p. 292. 

It is an interesting commentary on what interests Svedberg that Weiser’s name is not 
to be found in the author index. 

Wilder D, Bancroft 

Radio-Elements as Indicators. By Fritz Paneth. 2 S X 16 cm; pp. 166 . New York: 
McGraw-Hill Book Company^ 1928 . Price: $ 2 . 60 . These lectures were delivered at Cor¬ 
nell University dxiring the first semester of 1926-1927 under the George Fisher Baker Lec¬ 
tureship in Chemistry. 

The book contains a general lecture on ancient and modern alchemy. The first part 
of the course dealt with the use of radioactive elements as indicators, the nine lectures in 
this group being entitled: the significance of radio-chemistry; chemical character of the 
radio-elements; use of the radio-elements as indicators; radio-elements as indicators in 
analytical chemistry; radio-elements as indicators in electrochemistry further conclusions 
to be drawn from the radioactive method of determining surfaces; radio-elements as in¬ 
dicators in the chemistry of inorganic preparations; radio-elements as indicators in tech¬ 
nology, in physics, and in physiology. 

The second part of the course had to do with the group of volatile hydrides, with four 
lectures on: classification of the hydrides; preparation of volatile hydrides of the heavy 
metals; a comparison of the constants of the volatile hydrides; comparison of the volatile 
hydrides with other volatile compounds. The tlurd topic is the natural system of the chemi¬ 
cal elements with the following lectures: periodic and non-periodic properties in the natural 
system of the elements; isotopes—definition of the concepts “Chemical Element,” “Simple 
Element,” “Complex Element.” 

“Had the radio-elements been available for use as indicators during the last quarter 
of the nineteenth century one extremely important service might, with their aid, have been 
rendered to the then newly-advanced theory of electrolytic dissociation. Proof of the 
actual fact of dissociation, and of the interchange of ions, is readily obtainable with the 
help of the radio-elements when they are mixed with their inactive isotopes. It is possible 
to demonstrate in this way the fact that the particular atoms or radicals assumed to be 
liberated by electrolytic dissociation do not retain their places in given molecules, but are 
free to move back and forth from’ one place to another. It may also be shown, that the 
atoms or radicals of molecules that undergo no dissociation do not tend to shift their posi¬ 
tions from one molecule to another. 

“If, for example, equimolecular amounts of an inactive lead chloride and a radio- 
chemically sensitized lead nitrate in aqueous solution are mixed together, and the lead 
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chloride is allowed again to crystallize, it will be found that the active lead atoms are dis¬ 
tributed proportionally between chloride and nitrate, and must therefore have migrated 
in solution from lead nitrate to lead chloride until the kinetic equilibrium has been es¬ 
tablished. 

“Similar results are obtained when lead chloride and lead nitrate are dissolved in pyri¬ 
dine, when lead formate and plumbous acetate are dissolved in water, or plumbous acetate 
and plumbic acetate in glacial acetic acid. The last case is of especial interest from the 
electrochemical view-point, in that the reversible replaceability of divalent and quad¬ 
rivalent lead ions within the short period of time of the experiment could not have been 
predicted from the dissociation theory with the same degree of certainty as in the other 
two cases mentioned above. 

“Very different results are obtained, however, in all cases in which the lead atom is 
joined to carbon. Between lead chloride and lead tetraphenyl in pyridine, between lead 
nitrate and lead tetraphenyl in amyl alcohol, and between lead nitrate and diphenyl lead 
nitrate in aqueous ethyl alcohol, no change in the places of the lead atoms could be estab¬ 
lished, although in every combination investigated one of the molecular types was capable 
of electrolytic dissociation. The interchange of atoms between molecules is therefore seen 
to be dependent upon the existence of an electrolytic dissociation. 

“Correspondingly, no interchange of lead atoms takes place in strongly alkaline plumbite 
and plumbate solutions owing to the lack of lead ions in appreciable concentration. In 
solid lead sesquioxide, Pb203.3H20, the lead atoms also retain their degree of oxidation,” 
P- 47 - 

“When lead sulphate is shaken with its saturated solution, there is a constant kinetic 
exchange between the molecules of lead sulphate in the solution and those on the surface of 
the solid. If it were possible to mark certain of the lead sulphate molecules without chang¬ 
ing their properties, and to observe the distribution of these marked molecules between the 
surface of the solid and the solution, it would be found, after equilibrium had been attained, 
that the numerical ratio of marked molecules on the surface, to those in solution, is identi¬ 
cal with that of total molecules on the surface to total molecules in solution. For it must 
be assumed that the marked molecules distribute themselves uniformly among the mole¬ 
cules that are undergoing change in position. 

“This marking of the molecules may in effect be accomplished by the use of the “radio- 
elements as indicators.” If for example, thorium B, a radioactive isotope ot lead, is added 
to the solution of lead sulphate, the isotope will distribute itself proportionally among the 
lead atoms on the surface of the adsorbent and in the solution. This phenomenon, when fol¬ 
lowed by the electroscope, is found to be manifestly an adsorption of radioactive thorium 
B, and the measurement of the adsorption equilibrium furnishes the necessary data for 
computation of the surface,” p. 57. 

With dyes adsorbed by crystals, the author finds, p. 72, that “all of the dyes reach the 
maximum of adsorption before one hundred percent of the surface is covered with a mono- 
molecular layer.” As the author did not know that the amount of adsorption of a dye is a 
function of the acidity of the solution, all his work with dyes is subject to an unknown and 
uncontrolled error. Paneth also ignores the specific factor in dyeing, such as differences 
between cotton and wool. “It may be mentioned in this connection that the ultra-micro¬ 
scopic textile test indicates that acetate silk is of unusually simple structure. Its well- 
known inferiority as an adsorbent of dyestuffs seems therefore a necessary result of its low 
specific surface, which amounts to but one sixty-fifth of that of nitro-silk [as determined 
by dyeing],” p. 78. 

“Since bismuth compounds of very diverse composition have recently been investi¬ 
gated from the viewpoint of therapeutics, as a substitute for arsenic, it was of interest to 
physiologists to learn in what proportions the bismuth ingested is stored up in the different 
organs of the body, and is eliminated in the urine and faeces. 

“Since small amounts only are involved, the qualitative and quantitative determina¬ 
tion can best be accomplished by the radioactive method. Radium E was employed as 
indicator for bismuth, in place of thorium C, in view of the fact that the experiments 
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extended over a period of several days. It was mixed with the bismuth preparation and 
injected intra-muscularly into the guinea pigs employed in the experiments. The products 
of excretion were ashed and measured electroscopically, and at the end of the experiment, 
the organs of the animals were similarly treated. One conclusion to be drawn from the 
chart showing the exact distribution of the bismuth, is that the accumulation of this eleirtot 
takes place chiefly in the kidneys,” p. 87. 

“The hydrides are compounds which in a physical sense, resemble the rare gases, their 
physical properties will therefore correspond more closely to a molecular structure contain¬ 
ing hydrogen nuclei, and showing a ‘rare gas surface.^ Hence the tetra-hydrides are the 
most perfect ‘rare gases.’ This flnds striking expression in the almost exact agreement of 
the melting points of the tetra-hydrides with those of the rare gases. The di-hydrides 
differ most, and the tri-hydrides somewhat less, from the rare gas type. No attempt will 
be made here to explain these relations theoretically, by assuming for the molecule a dipolar 
or quadri-polar character,” p. 120. 

“The tabular presentation of the system of elements may be effected in two different 
ways: by the ‘long-period’ and by the ‘short-period’ method. If the curve of atomic volumes 
is transposed into tabular form, by starting a new line for every maximum of the curve, the 
long period system is obtained, as represented in Table XXV. The long periods of the 
atomic curve, each of which contains eighteen elements, are chosen to determine the length 
each of the short periods, as well as the two elements of the first period, are placed in the 
corresponding upper spaces in accordance with the chemical view-point, while in the sixth 
period, which comprises thirty-two elements, is assigned a single place for the fifteen rare 
earths. It is obvious that the vacant spaces, found of necessity in the short period system, 
carry no implication that the discovery of new elements is to be expected. The serial 
numbers, indeed, show no gaps. The vacant spaces do, on the other hand, permit recogni¬ 
tion of the lack of ten elements of the ‘transition type’ in the short periods. Many authors 
prefer, however, to enlarge the spaces for the elements of the short periods, or to put them 
closely together in order that no vacancies shall occur; but in this way the definite colic cation 
of the elements of the short periods with those most closely related to them in the long 
period is lost, and it becomes necessary to indicate relationships by drawing lines, or by 
a diagonal subdivision of the field. By dividing the lines which come from the elements 
of the first two periods, the more remote chemical relationships, otherwise represented only 
in the short period system, may be expressed also in the long period system. The medium 
of polychromatic coloring has also been employed for this purpose,” p. 128. 

“A chemical element is a substance which by no chemical process can be decomposed 
into simpler substances. For precisely this chemical stability of the elements, valid for all 
practical purposes, is the reason why these substances, may be considered to persist in all 
chemical changes, and may therefore be correctly called chemical elements. In investiga¬ 
tions of other than a chemical nature, these same substances are not of necessity undecom- 
posable. With the aid of certain physical devices the separation of a mixture of isotopic 
atoms may be effected, and with others an atomic disintegration may be accomplished. 
Since neither method, however, plays a part in chemistry, this complexity of elements, 
in its twofold sense, may be neglected in the entire enormous domain of practical chem¬ 
istry,” p. 139. 

“It is primarily of interest to learn, as a result of the analysis of meteorites, that no 
element unknown on eath has ever been obtained from this soiu*ce. Moreover, the elements 
of the meteorites show a distribution frequency strikingly similar to the frequency of their 
occurrence on earth. The same rules hold, that the elements with low atomic numbers 
greatly predominate in quantity, and that the elements with, even atomic numbers^,are more 
abundant than those with uneven,—a regularity which was first pointed out by Harkins. 

“This speaks strongly for the idea that the material of the meteorites, and of the celes¬ 
tial bodies of which they are fragments, has its origin under the same conditions as the 
material of which the earth is composed. The efficacy of the test is appreciably enhanced, 
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however, by the knowledge, resulting from the discovery of the phenomena of isotopy, 
that the formation of new elements would manifest itself by an abnormal value of the 
combining weights. This has been observed to be the case with the radio-elements,” 

p. 144. 

Wilder D. Bancroft. 

Muscular Activity. By Archibald Vivian Hill. 22 X 15 cm; j)]). 115 . Baltimore: 
The Williams and Wilkims Comjtanyy 1926 . Price: $ 2 . 75 . “In the preface to his book 
“The Respiratory Function of the Blood,” Mr. Joseph Barcroft quite rightly tells us that 
long ago, by spending his leisure is sailing boats, he learnt what he knows (which is no 
little) of the way to venture beyond the visible horizon. Now, the practice of running is 
just as ancient and respectable as that of sailing, and the reader maj'^ perhaps see signs of 
the source of my inspiration, at any rate in the fourth lecture of this series: indeed to tell 
the truth, it may well have been my struggles and failures, on track and field, and the stiff¬ 
ness and exhaustion that sometimes Ixifell, which led me to ask many questions which 1 
have attempted to answer here.” 

These are the Herter Lectures for 1924. The single lectures were entitled: dynamics 
of muscular activity; the heat production of muscle; chemical change accompanying mus¬ 
cular activity; the recovery process after exercise in man. 

“Some of the most consistent physiological data available are contained, not in V)ooks 
on physiology, not even in books on medicine, but in the workPs records for running dif¬ 
ferent horizontal distances. If one plots the average 8{)eed at which the record was made, 
against the length of the race (compressed in some manner—as by taking its logarithm— 
to bring all the points on to the same diagram), then a curve of almost perfect smoothness 
is obtained, in which a few points only he just below the curve. These latter are h)r the 
races in which athletes have not been so concerned to break the record as in the rest. The 
relation shown in the curve may be accepted practically as a natural constant for the human 
race; it would recpiire almost a sui>erhuman effort to change one of the points by two per 
cent; and it is interesting to consider what determines in general the shape of this relation. 
At very short distances the siieed is constant; it is the maximum which a man can attain, 
though it falls off a little as the accumulation of lactic acid in the muscles affects—first - 
their speed of relaxation. At very long distances the sjxjed again tends to become constant, 
practically a steady state being attained. It is determined here by the maximum rate at 
which the athlete can take in oxygen to provide his muscles with their necessary energy, 
and by the economy with which he uses it. Speed at intermediate distances is determined, 
partly by the maximum oxygen debt which the body can incur, partly by its maximum 
intake. We assume, of course, that w^e are dealing with a man in perfect condition, 
highly trained to carry out his movements in the most economical manner possible, ready 
and willing in a race to exhaust himself completely. In the magnitude of the oxygen debt, 
that is in the concentration of lactic acid which his muscles can tolerate, we have w^hat we 
may regard as a man’s “capital.” In his oxygen intake, determined by the capacit y of his 
heart and lungs, we have what we may regard as his “income.” In a race an athlete will 
finish—if he can, if the race be not too short—wdth the whole of his reserves gone, having 
spent both “capital” and “income” completely. In a short race, therefore, he can spread 
his “capital” over a shorter time, he can expend energy more rapidly than he can in a long 
one; the form of the curve is determined mainly by these factors,” p. 98. 

Muscles behave as though we are dealing both with an elastic and wdth a viscous medium. 
These two factors are very important in determining the amount of work that an athlete 
can do in unit time. The chemical side of muscular activity seems to consist in the con¬ 
version of a carbohydrate—usually glucose or glycogen—into lactic acid, the oxidation of 
a portion of that lactic acid and the simultaneous conversion of lactic acid in some unknowm 
way into glycogen. The ratio of the lactic acid converted into glycogen to the lactic acid 
oxidized may be three (or even more) for healthy people, p. 65, or almost zero for people 
suffering from cancer. 
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According to the biological chemists, the conversion of glucose or glycogen into lactic 
acid is quantitative, there being no other products formed, p. 6i. In the laboratory the 
organic chemist has, as yet, never succeeded in getting more than about a fifty percent 
yield of lactic acid from glucose, showing that his technique is apparently much inferior to 
that of .the contracting muscle. Although glucose is optically active, the organic chemist 
gets an inactive lactic acid from it, while the muscle forms optically active lactic acid. 
We seem to have here a pretty clear-<sut problem for the physical chemist. This may be 
some justification for reviewing this book even though it was published three years ago. 

Wilder D. Bancroft 

Chemistry. By W, H. Barrett, 19 X IS cm; pp. viii -h 152 , New York and Oxford: 
Oxford University PreaSf 1927 , Price: $ 1 . 75 , In the preface the author says: *The main 
ideas behind the '^General Science’’ movement in schools are the broadening of the basis of 
school science and the bringing of it into closer relation with the facts of everyday life. 
Bearing this in mind I have tried, in this volume, to present some important facts—es¬ 
pecially those which have a bearing on everyday life—^arranged to illustrate the principles 
of chemistry and to lead in a logical manner up to the deduction of the relative weights of 
the atoms. A final chapter, which reviews briefly some of the modem developments of the 
science, is added to give the reader some idea of the fascinating vista that unfolds before 
him as he pursues the subject further.” 

It is very desirable to give facts which have a bearing on everyday life in such a manner 
as to illustrate the general principles of chemistry. It is more doubtful whether the object 
of an elementary book is to lead in a logical manner up to the deduction of the relative 
weights of the atoms. That seems to the reviewer to be laying the emphasis on the wrong 
things. Of course if one defines chemistry as the science of the atom and the molecule, 
there is nothing more to be said. 

The general order of treatment is: historical development; mixtures and compounds^ 
oxygen and oxides, acids and bases, water, solubility; lime, cement, and hard water; definite 
and multiple proportions, atomic weights, radicals and ions; electrolysis and ionisation, 
the ionic theory; carbon and its compounds; fuels and foods; nitrogen and the nitrogen 
cycle; nitric acid and explosives; sulphur and its compounds; alkali and chlorine, oromine 
and iodine; properties of gases, Brownian movements, Avogadro’s hypothesis, structure 
of matter; periodic law, atomic structure, isotopes. 

The author has done rather a good job. His book is readable and clear. There are 
some minor errors, which should be corrected in a later edition. In the preparation of 
oxygen, p. 15, one does not see why the tube containing the chlorate should point down 
rather than up, and there is no mention of the air in the tube. On p. 17 is the statement 
that acids are formed by the combination of acidic oxides with water, which leaves hydro¬ 
chloric acid rather up in the air. The author uses the German spelling, kathode, p. 54. 
In copper refining it is not true that all the impurities in the copper anodes go into the 
slimes, p. 55. Zinc and iron do not. They do not use a copper ingot as anode. Faraday 
coined the word 'ion’ but he adhered to the Grotthuss theory and he should not be classed, 
p. 56, as in any way originating the conception of the ionic theory. On p. 112 it is of course 
true that sodium sulphite is used in photographic developers; but this either is or should be 
a misprint for sodium hyposulphite. 

Two quotations, pp. 23, 34, will give some idea of the book. "Biologists are almost 
certain that life started in the sea, and the earliest organic remains known to the geologist 
are those of marine animals. An interesting piece of evidence in favour of the marine 
origin of animals is found in the fact that the salts foimd in the blood serum of vertibrates 
living on dry land are essentially the same as those in sea water. The relative proportions 
of sodium, potassium, and calcium salts are similar in both, and in both sodium chloride 
is the predominant salt. The total salt concentration, however, is higher in the^sea 
in the blood serum, a fact which suggests that the concentration of salts in the seat since 
dry-land vertebrates left it, has been gradually growing by accumulation.” 
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large cylindrical tank is first placed a deep layer of sodium permutite between two 
layers erf sand which hold the sodium permutite in place. This sodium permutite is a com¬ 
plex eirfsetance containing, besides sodium, the elements silicon, aluminium, and oxygen. 
Wiieii hard water is allowed to flow through the tank, the calcium bicarbonate reacts with 
the ao^Vfn permutite to form calcium permutite and sodium bicarbonate. Both the sodium 
and caldhim permutite are insoluble in water, so that the water which enters the tank hard 
fiowB ent softened, the small quantity of sodium bicarbonate in it being unobjectionable. 
After a considerable quantity of hard water has flowed through the tank one would expect 
its effieieiicy to be impaired by the conversion of the sodium permutite into calcium i>er- 
mutile* However, it is at this point that the real simplicity of the process is manifest. Al¬ 
though calcium bicarbonate will react with sodium permutite to form calcium permutite 
in dilute solutions such as are found in natural hard waters, yet the reverse reaction takes 
place when the concentration of the sodium compounds is greatly increased. Thus, if, when 
the charge in the tank is sufficiently converted to calcium permutite, the hard-water supply 
be turned off and a miuraled solution of sodium chloride be allowed to flow slowly over the 
calcium permutite, the reverse reaction takes place and the sodium chloride and calcium 
permutite form sodium permutite and calcium chloride. The calcium chloride is soluble 
in water and so can be allowed to run away. A little clean water is run through the tank 
to wadi out any sodium or calcium chloride, and the water-supply again connected. Thus, 
with two of these tanks, the softening of water can be made continuous.” 

The chief criticism that the reviewer has to make about the book is as to the treatment 
of metate. In the index there are two references to metals. On p. i6 the author says that 
'^the elements can be divided into two classes, metals and non-metals. The metals on com¬ 
bustion form basic oxides, and the non-metals acidic oxides.” On p. 59 is given the order 
of the metals in the electrochemical series. Neither of these ties in very closely with every¬ 
day life. The word ‘alloy’ does not appear in the index, and the reviewer did not notice 
anything about alloys in the text. This docs not seem right when one considers the im¬ 
portance of metals and the number of them with which every child is familiar. 

Wilder D. Bancroft. 

Ssiilient Chemists of Our Time. By Benjamin Harrow. Second edition — enlarged. 
22 X 16 cm; pp. xx + 4 ^ 1 . New York: D. Van Nostrand Company^ 1927 . Price: $ 3 . 00 . 
The firat edition contained only the lives of the eleven chemists. This new edition contains 
also a detailed account of their work with many references to the original literature. “PV>r- 
midable as this task seems when one considers the extensive literature which had to be con¬ 
sulted, it hardly seemed so during the time (some five years) when the book was gradually 
being put into shape; because, for my own part, 1 know of nothing quite so exhilarating as 
to read and re-read the original papers of the masters of our science.” 

The new material nearly doubles the size of the book; but it is well worth it. It is now 
a book which all graduate students should read. That is not saying that the first part of 
the booh it not good; but merely that it is a better-rounded and more satisfactory piece of 
work m its new form. 

On p« 6 there is a passage which appealed especially to the reviewer on this reading. 
‘'Some have described Perkin’s discovery as accidental. Perhaps it was. But consider 
tho way it was perfected and made available; consider with what extraordinary ability 
every related topic was handled; consider how every move was a new move, with no pre- 
viova eaporience to guide him; and who but one endowed with the quality of genius could 
have Qfwipome all this? Hertz discovered the key to wireless telegraphy, but Marconi 
brought it within the reach of all of us; Baeyer first synthesized indigo, but the combined 
laboin of chemists in the largest chemical factory in the world were necessary before arti¬ 
ficial indigo began to compete with the natural product; Perkin both isolated the first arti¬ 
ficial dyaatuff and made it useful to man. 

less than six months aniline purple—“Tyrian purple” it was at first called—was 
being used for silk dyeing in a Mr. Keith’s dye-house. The demand for it became so great 



48o 


NEW BOOKS 


that many other concerns in England, and particularly in France, began its manudfacture. 
In France it was renamed **mauve,^* and *'mauve*' it has remained to this day. 

‘Terkin^s improvements continued iminterruptedly, and his financial suMas grew 
beyond all expectations. He found that the uneven color often obtained in dyekig on silk 
could be entirely remedied by dyeing in a soap bath. The use of tannin as one df tlie mor¬ 
dants made it applicable to cotton, and shades of various kinds and depths to 003^ degree 
could be attained without any difficulty. A process for its use in calico printing was also 
worked out successfully. 

“When, three years later, Verguin discovered the important magenta—or, as It is some¬ 
times called, fuchsine—and later still Hofmann, his rosaniline, various details in manu¬ 
facture of mauve and its application to silk, cotton and calico printing, were appiwpriated 
bodily. 

The reviewer is sorry that the author did not delete the fallacious statement, p. 72, that 
changing the atomic weight of copper from 63.2 to 63.6 increased the apparent aomunt of 
copper in a copper ore. 

Wilder D. Bancroft. 

The Spectroscopy of the Extreme Ultra-Violet. By Theodore Lyman. Second edition. 
23 X 13 cm; pp. vi + 160 . London: Longmans, Green and Co., Ltd., 1928 . Price: 10 
shillings, 6 pence. Since the appearance of the first edition of this monograph sssne four¬ 
teen years hgo, very considerable progress has been made in the investigation of the far 
ultra-violet. At that time the short wave limit stood about 900. A.U., in 1915 it was car¬ 
ried to 600 A.U. by Lyman, in 1917 he pushed the limit to 500 A.U., while in 1924 Millikan, 
using a hot spark between aluminum poles reached the present limit of 140 A.IT. Approach¬ 
ing from the soft X-ray region a wave-length as long as 121 A.U. was obtained in 1927 by 
Dauvillier using a crystal lattice, so that the gap which formerly existed between soft X- 
rays and the far ultra-violet region can now be considered as completely bridged. This 
record of progress, involving as it does the researches of many workers, both in the per¬ 
fecting of experimental technique and the forging of new methods of attack, is a ktory worth 
the telling, and a second edition of this monograph by Lyman is very opportime and will 
be most acceptable to the increasing number of workers in this field. The iuaportance of 
the Schumann region (as also of that other difiicult, but easily neglected region,—the 
infra-redj to theoretical spectroscopists cannot be over-estimated. If the increasing record 
of progress in this book stimulates further research in so wide a field, it will in itself have 
rendered a most valuable contribution. 

The method of this monograph is largely historical, and contains a wealth of experimental 
detail and useful information. The absorption of solids and gases is dealt with at con¬ 
siderable length, esjjecially in relation to the limits they impose on spectroscopic investi¬ 
gation in the short wave region. There is also a full treatment of the reflecting power of 
pure metals, alloys, and other solids, with its important bearing on the material most suit¬ 
able for reflexion gratings. There is a useful section dealing with the vacuum grating spec- 
tograph, both with its construction and use by various workers. Absorption and emission 
spectra of the large number of elements and compounds examined are dealt with m senarate 
chapters, and there are numerous tables of wave-lengths. We could wish that ihe inter¬ 
pretation, which is now available, of many of the measured lines and bands, had been re¬ 
corded also. The theoretical importance of the data is scarcely presented to the reader. 
There are, however very complete references to the original papers,—a featuie of great 
value in such a book. In particular there is a good up-to-date bibliography: its value 
might have been enhanced however by an attempted “subject’’ classification of the papers 
rather than an alphabetical one under the authors’ names. 


R. C. Jehnson. 



THE MANGANESE EQUILIBRIUM IN GLASSES* 

BY WILDER D. BANCROFT AND R. L. NUGENT 


Introduction 

The knowledge of the colors of glasses and minerals has suffered from the 
failure to attack fundamental problems first. Much attention for example 
has been given to the possibility that manganese is responsible for the color 
of the amethyst.^ Berthelot originally proposed the idea based largely on 
the similarity of the color of the mineral and that of glasses containing 
manganese. The latest evidence points to iron rather than manganese^ and 
Sir Herbert Jackson^ says that none of it is conclusive, but the fact remains 
that the people who attempted to prove that manganese was responsible 
didn^t know the cause of the color produced by manganese in simple glasses. 
In this latter connection, Bancroft^ says: ^^Once one gets started on the color 
of glasses, there at once comes up the question of manganese. Manganese is 
very troublesome because it colors glass amethyst to violet and no two people 
agree as to why. . . . The real truth of the matter is that we are hopelessly 

ignorant all along the line, in spite of the fact that the coloring and decolorizing 
action of manganese in glass is mentioned in every course in introductory 
chemistry every year.^’ 

Any amount of important work is being done on the effect of various 
radiations on the colors of glasses and minerals. Glasses are simpler than 
minerals, because the coloring agent is ordinarily known to start with. The 
most familiar case of this sort of thing is the production of a violet color in 
glasses containing manganese*'^ on prolonged exposure to sunlight. Here the 
first step should be to clear up the question of the pinks in glasses originally 
colored with manganesi', the second the elucidation of the colors obtained by 
the irradiation of manganese-bearing glasses, and the third the study of radia¬ 
tion pinks and violets in minerals thought to be due to manganese. The 
last has been too often the first. 

Mellor^ states that manganese colors alkaline glasses pink to violet under 
oxidizing conditions. The color has been called amethyst in lead, bluish 
violet in potash and reddish violet in soda glasses.' The cause for this varia- 

* This paper is part of a programme now being carried out at Cornell University 
under a grant to Professor Bancroft from the Heckscher Foundation for the Advancement 
of Research, established at Cornell University by August Heckscher. 

' Berthelot: Compt. rend., 143 , 477 (1906); Simon: Neucs Jahrb. Mineral. Geol. Beilage- 
Band, 26 , 249 {1908); Watson and Beard: Proc. TT. S. Nat. Museum, 53 , 553 (1917). 

*Wild and Liesepang: Centralbl. Mineral. Geol., 1923 , 737; Holden: Am. Mineral., 
10, 203 (1925); Koemgsberger: Centralbl, Mineral. Geol., 1927 A, 15. 

* Nature, 120, 303 (1927), 

* Trans. Am. Electrochem. Soc., 50 , 24 (1926). 

®Gortner: Am. Chem. J., 39 , 157 (1908); Harper: Science, 27 , 894 (1908); Chem. Abs., 
3 , 1674 (1907). 

* **A Comprehensive Treatise on Inorganic and Theoretical Chemistry,^* 6, 523 (1925). 

^ Chem. Abs., 15 , 421 (1921). 
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tion of tint with composition is not well understood.* We have noted par* 
ticularly such a difference in sodium borate and sodium phosphate beads, 
The former is much more red and the latter much more blue. 

According to Thorpe^ the full color is only developed when manganese is 
in a fully oxidized condition (Mn*''). Actually there has developed «lairiy 
general opinion that the color is due to the trivalent form. Scholes* ipotes 
Dralle and Hovestadt as agreeing to manganic oxide, and describes tiie first 
experiments to demonstrate the presence of trivalent manganese in gfasnes. 
Samples colored with manganese were pulverized and treated with hydro¬ 
fluoric or thirty percent sulphuric acid. Pink solutions were obtained whose 
color could be ^charged by reducing agents, and which gave brown floooident 
precipitates on dilution with water. Permanganate was ruled out, because 
no color was obtained on disintegrating a glass in water, and the color of the 
pink solutions when obtained resembled that of solutions of manganic sdte 
rather than of permanganates. 

As Scholes says, these experiments seem to indicate the presence of tri¬ 
valent manganese in the glasses. The assumption that the pink of the solu¬ 
tion is the same as the pink of the glass is most probable, but still an assump¬ 
tion. It seems even more probable in view of an experiment performed by 
us in which a borax bead, containing enough manganese to render it 
black in appearance, was allowed to stand in 1:3 sulphuric acid for several 
days. Its center was still black, but its outer layer was white and the stdution 
was pink. The acid had leached the color without destroying the stracture 
which contained it. This indeed looks like a direct connection between the 
color of the glass and that of the solution. 

It was found that manganese dioxide, manganous carbonate, and man¬ 
ganous borate supplied by standard dealers, as well as trimanganese tebwxide 
and manganic oxide, gave pink solutions on treatment with i ;3 sulphuric acid 
which behaved just as Scholes’ did. Those in the first three cases may be 
ascribed to traces of trivalent manganese present in the respective com¬ 
pounds. They indicate that Scholes’ identification of trivalent nwnganese 
may have told very little definitely as to the state of the larger part of the 
manganese in his glasses.^ 

Fuwa,* as the result of 591 melts in the investigation of manganese as a 
glass colorant concluded that manganic oxide is responsible for the pink 
color and that colorless manganese in glasses is divalent. He suggests that 
when manganese dioxide is added to a melt, there results a mixture of man¬ 
ganese dioxide, and manganic and manganous oxides. The color is deter¬ 
mined by the proportions of these three which are in turn affected by the 
constitution of the glass. The idea of a mixture of oxides should be par¬ 
ticularly borne in mind in the light of what follows. 

^ Scholes: J. Soc. Chem. Ind., 35 , 518 (1916). 

> “Dictionary of Applied Chemistry,” 2, 721 (1912); 3, 386 (1922). * 

' J. Ind. Eng. Chem., 7 ,1037 (1913}. 

«It IB called purple manganese proxide by bo good a man as Sir Herbert Jackson: Nature, 
120, 303 (1927). 

»Chem. Adb., 17 , 3583 (1923). 
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Manganese in the Borax Bead 

Introduction. According to Bancroft^ the only sensible thing to do is to 
find out what known coloring agents do when dissolved or dispersed in easily 
fusible glasses. ^^One should start with the oxides of copper, manganese, 
chromium and iron in borax beads and find out what they do.^^ The present 
paper is the first in the direct attack of this problem. Manganese was chosen 
to start with because it seemed the most interesting and important of the four. 

Everyone knows that a borax bead containing manganese is pink-violet 
in the oxidizing flame of the Bunsen burner and colorless in the reducing 
flame. The great question all along has been as to the valence of the man¬ 
ganese in the colored form. Bivalent manganese has been generally as¬ 
sumed in the colorless bead, but even here no actual proof has come to the 
writer's attention. This paper presents experimental evidence which seems 
to decide these points once and for all. In addition the work leading to the 
valence conclusions has thrown considerable light upon the part played 
by manganese in glass-making and as a mineral colorant. 

Preliminary Experiments. Borax melts were made in air in No. o porcelain 
crucibles over the full flame of a Fisher burner. Constancy of atmosphere 
was assured by supporting the crucibles in an inclined asbestos board. Under 
these conditions one-tenth percent of manganese was found to give a con¬ 
venient depth of color. The color conditions in the melts could be determined 
at any time by removing a small bead on the tip of a glass rod. 

Oxidizing and reducing agents added to melts containing manganese 
cause the same changes as observed in the oxidizing and reducing atmos¬ 
pheres of the burner flame. This was observed using potassium nitrate as 
the oxidizing agent and Rochelle salts as the reducing agent. The melt 
could be made colored or colorless at will. The depth and character of the 
color under these conditions seemed to depend only on the total manganese 
in the compound and not upon the specific compound. A melt decolorized 
with tartrate regained its full color on prolonged heating in air. A definite 
effect of temperature on the color was observed, in that beads removed from 
a hot melt were always less deeply colored than those removed from the 
same melt on heating for some time at a lower temperature. 

Sodium hydroxide was added to a melt with the idea that if an acid form 
of manganese were responsible for the color it would be favored by the addi¬ 
tion of the alkali. Actually the color of the melt was deepened. Conversely 
the addition of boric oxide to a melt would favor the colorless form. This 
was ^so observed. By adding excess boric oxide the strong color of the 
original borax melt could be made so faint as to be scarcely visible. At this 
point the evidence seemed to favor an acid oxide of manganese as the colored 
form. Manganite seemed probable in accord with the statement that the full 
color is attained when the manganese is in the tetravalent condition. 

There thus evolved the picture of an equilibrium between a colored and a 
colorless form of manganese varying with the atmosphere or more exactly 

^ Trans. Am. Electrochem. Soc., 50 , 26 (1926). 
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with the oxygen pressure, as well known, with the temperature, and with the 
acid-base composition of the melt; an oxidizing atmosphere, low tempera¬ 
ture and alkali favoring the colored form. The. best way to get at such an 
equilibrium is to investigate the quantitative shift with variation of one 
condition. The variation of the state of oxidation of the manganese in these 
melts could be measured with variation of oxygen pressure, temperature, or 
acid-base composition of the melt, keeping the other two factors constant. 
The last seemed the simplest experimentally and was undertaken. 

The Sodium Oxide-Boric Oxide System. 0.05 gram samples of manganese 
dioxide^ were charged in No. o porcelain crucibles with varying proportions 
of borax glass, boric oxide and sodium hydroxide calculated to give three 
grams of a mixture of sodium oxide and boric oxide on fusion. The cru¬ 
cibles were held in an inclined asbestos board and heated with a Fisher 
burner. The board prevented burner gases from reaching the melt and 
thus assured a constant atmospheric atmosphere. The heating was carried 
out in the same manner for each melt thus assuring approximate tempera¬ 
ture equality. After fusion, fining, and cooling, the crucible and its con¬ 
tents were pulverized in a mortar, and the mixture placed in a 250 cc. Erlen- 
meyer flask. A few cc. of water were next added and brought to a boil to 
expel air. Twenty-five cc. of a sulphuric acid-ferrous sulphate solution (15 
gms. (NH4)2 Fe(S()H)2 • 6H2O in 200 cc. 1:3 H2SO4) were added at this point 
by means of a pipette and the glass dissolved by boiling. After solution, the 
contents of the flask were diluted with 150 cc. of water and titrated with 
standard permanganate.^ The decrease of the ferrous content of thc^solution 
under these conditions is equivalent to the available oxygen associated with 
the manganese of the melt, that is to the oxygen combined with the man¬ 
ganese over and above that necessary for the manganous condition. 

If all the manganese in any melt were divalent, no iron would be oxidized, 
and the result would be zero grams of available oxygen per gram of man¬ 
ganese. If it were all in the form of trimanganese tetroxide, the result would 
be 0.0971 grams of available oxygen per gram of manganese, etc. The 
compounds of manganese with oxygen are shown in Table I together with 

Table I 

The Oxides of Manganese 


Name 

Formula 

Manganese Valence 

Grams of Available 
Oxygen per Gram of 
Manganese 

Manganous oxide 

MnO 

2 

0.0000 

Trimanganese tetroxide 

MnaOi 

2 and 3 

0.0971 

Manganic oxide 

MnsOa 

3 

0.1456 

Manganese dioxide 

MnOa 

^ 4 

0.2913 

Manganese trioxide 

MnOs 

6 

0.5826 

Dimanganese heptoxide 

MnjOr 

7 

b.7282 


1 The manganese content of the manganese dioxide used was checked by analysis. 
* See also Treadwell-Hall: 'Analytical Chemistry,” 2, 531 (1928). 
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the corresponding amounts of available oxygen per gram of manganese and 
the probable valence of the manganese in each case. 

It is seen that the result of one melt and analysis with pure borax glass is 
most significant. If all the manganese were in any one form the fact would im¬ 
mediately appear. As a matter of fact such a run gave 0.059 grams of available 
oxygen per gram of manganese showing the latter to be more than half in the 
divalent condition and an equilibrium between divalent manganese and some 
higher form to be on the divalent side. A scries of such runs was carried 
out with results as shown in Table II. 



Fig. I 

Grams of Available Oxygen per Gram of Manganese in Melts of Different Proportions 

of Na^O and B^Os 


Table II 

Grams of Available Oxygen per Gram of Manganese in Melts of Different 
Proportions of Na-aO and B2O3 


Number 

Mol Percent 
NaaO 

Grams Avail¬ 
able Oxygen 
per Gram of 
Manganese 

I 

0.0 

0.000 

2 

16.9 

0.020 

3 

17.0 

0.020 

4 

33 - 3 * 

0.059 

S 

41.6 

0.085 

6 

41.9 

00 

0 

6 

7 

46.0 

0.102 

*Anhydrous borax, Na2B407. 


Number 

Mol Percent 
NasO 

Grams Avail¬ 
able Oxygen 
per Gram of 
Manganese 

8 

55-3 

0.143 

9 

57.7 

0.135 

10 

60.4 

0.145 

11 

60.4 

0. T41 

12 

65 -5 

0.150 

^3 

6 s -7 

0.144 
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The results are shown graphically in Fig. i. The ordinates are grams 
of available oxygen per gram of manganese multiplied by one hundred and 
the abcissas are mol percents of sodium oxide. 

The general result is most clear-cut. There can hardly be any doubt but 
that in sodium oxide-boric oxide melts, including that in pure borax glass, there 
exists an equilibrium between colorless divalent manganese and colored 
trivalent manganese. The melt in pure boric oxide was qiute colorless. 
It follows that the colorless form is divalent because it gave no available 
oxygen. This agrees with the observation quoted in Abegg' that manganese 
dioxide dissolves in boric oxide with stormy evolution of oxygen to form 
manganous borate. As the proportion of sodium oxide is gradually increased, 
the pink color appears and gradually increases in depth to about fifty percent 
where it is a rich, reddish, wine color. Above sixty-seven percent sodium 
oxide the resulting glasses were brownish green to deep blue-green in color. 
No attempt was made to get exact points in this region, but the general direc¬ 
tion of the curve was indicated and has been shown in dotted line. 

The full wine color appears when the manganese is all in the trivalent 
form as shown by the value at which the flat occurs, 0.144 grams, as com¬ 
pared with the theoretical value for manganic oxide, 0.1456 grams. The 
appearance of the green color signifies that the proportion of alkali has 
become sufficient to cause the well-known conversion to manganate which 
manganese oxides undergo on fusion with sodium hydroxide under oxidizing 
conditions.^ The pink-violet of the manganese borax bead is then due to 
trivalent manganese, and the manganese in the colorless bead is divalent. 
Under ordinary conditions in the oxidizing flame the two forms are in equilib¬ 
rium at about forty percent manganic manganese. The essential oxides are 
respectively manganic and manganous oxides. 

One cannot feel the greatest confidence in the demonstration of an equilib¬ 
rium until it is approached from both sides. This dual approach has been 
demonstrated in the present case. Melts containing originally 0.05 grams 
of manganese dioxide were fused and heated in a reducing atmosphere to a 

Table III 

The Manganous-Manganic Equilibrium approached from Both Sides in 


Borax Melts 

Girains of Available Oxygen 


Procedure 

per Gram of Manganese 

Fused and fined in air 

O.OS 9 

Fused in a reducing atmosphere to a colorless 
condition and then fined in air for 
twenty minutes 

0.042 

Fused in a reducing atmosphere to a colorless 
condition and then fined in air for 


several hours 

o.d47 


> “Handbuch der anorganischen Cbemie,” 4 (2), 772 (1913). 
• Lowry: “Inorganic Chemistry," 758 (1922). 
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colorless condition. On continuing the heating in air, color reappeared as 
would be expected. It should continue to increase until the equilibrium point 
is reached when the grams of available oxygen per gram of manganese should 
theoretically be the same as in a melt heated in air from the beginning. The 
fining temperature was the same in each case. Table III contains the results. 

The ordinary run, the first in Table III, shows the approach to equilibrium 
from the more highly oxidized condition. The second and third results show 
the approach from the reduced side. These were borax glass melts. A 
similar experiment was attempted in a melt in which the manganese should 
all be trivalent at equilibrium. 0.0530 grams of trimanganese tetroxide was 
charged in a 65.5 percent sodium oxide melt. It has been demonstrated that 
when manganese dioxide is used in a melt of this composition the valence 
goes from four to three and the available oxygen value from 0.2913 to 0.1456 
grams per gram of manganese. Theoretically, using trimanganese tetroxide, 
the available oxygen value should increase from 0.0971 to 0.1456. The melt 
was heated for some time in air at the usual temperature and on analysis 
showed 0.1280 grams of available oxygen per gram of manganese clearly 
indicating the approach to equilibrium in this case also. 

It is apparent from these experiments that the return to equilibrium from 
the reduced state is a slow process as compared with the approach from the 
more highly oxidized side. The latter simply involves the evolution of 
oxygen, whereas the rate of the former is determined by the rate at which 
unoxidized portions can be brought in contact with the air. In an unstirred 
melt, convection currents and diffusion are necessarily slow in bringing this 
about. 

Some question arose as to possible considerable loss of alkali oxide due to 
volatilization during fusion and fining, since the surface of the melts was large 
as compared with their size. This factor was ruled out both by experiments 
in which the crucible and contents were weighed before and after heating 
and by titration of total alkali in identical charges, one with and one without 
fusion and fining. 

Effect of Temperature on the Equilibrium. Since the preliminary experi¬ 
ments indicated a shift to the colorless form with rising temperature and the 
foregoing experiments show a parallelism between color and oxidizing power 
of the manganese, it was desirable to check up the temperature effect by 
observation of the oxidizing power of identical charges fined at different 
temperatures. 

Table IV 

Temperatures of the Interior of a Porcelain Crucible heated in Four Different 
Ways as observed with a Leeds and Northrup Optical Pyrometer 
Method of Heating Observed Temperature 

Fisher burner turned low 790° 

Fisher burner full flame 900° 

Fisher burner full flame in covered furnace 1040® 

Blast M 4 ker burner in covered furnace 1170® 
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The temperatures recorded are those observed with a Leeds and Northrup 
optical pyrometer without correction. They are therefore not to be con¬ 
sidered as absolute measurements. However a series of runs with similar 
melts may be controlled at approximately the same temperature by this 
method and one melt may be distinguished as considerably hotter or colder 
than another. For example, a heated poreclain crucible was observed under 
four conditions with results as shown in Table IV. 

Some idea of the absolute value of such temperature observations is given 
by comparison of the facts that borax melts at about 740® and the tempera¬ 
ture of a borax melt brought just to a well-fused condition was read as 765® 
with the pyrometer. 

0.05 gram of manganese dioxide was charged in each of three No. o 
porcelain crucibles with three grams of borax glass. They were fused and fined 
respectively at 985®, 870®, and 765® as indicated by the optical pyrometer. 
Two runs were also made in 60.4 percent sodium oxide melts with fusion 
and fining at 870® and 765® respectively. The results are shown in Table V. 

Table V 

The Effect of Temperature on the Manganous-Manganic Equilibrium 


Composition 

Observed 

Grams of Available 
Oxygen per Gram 
of Manganese 

of Melt 

Temperature 

Borax glass 

985“ 

003s 

ft 

870“ 

0.059 

ft 

765“ 

0.069 

60.4 percent NaX)-39.6 percent B2()3 

870” 

0 

0 

ft 

756° 

0. 141 


It can only be said as a result of this experiment that the equilibrium 
shifts definitely to the manganous side with rise of temperature. The ex¬ 
periment is not quantitative since the temperatures are not known with any 
accuracy. The qualitative demonstration is the important thing here, how¬ 
ever, and this is clearly demonstrated. 

Extension to Lead Borate and Sodium Phosphate Glasses 

Introduction, The question immediately arises as to whether the results 
of the preceding section are applicable to glass systems generally. As a first 
step the matter has been investigated quantitatively in the case of the 
litharge-boric oxide system and qualitatively in the case of the sodium oxide- 
phosphorus pentoxide system. We thus have the acid and base of the 
sodium oxide-boric oxide system each combined with a different oxide of the 
opposite type. 

The Lead Oxide-Boric Oxide System, 0.05 gram samples of manganese 
dioxide were weighed out as before and charged in No. o porcelain cruci¬ 
bles, this time with three grams of mixtures of different proportions of litharge 
and boric oxide, and data on the available oxygen in each case determined. 
The analytical procedure was necessarily modified as lead borate glasses are 
not sufficiently soluble in sulphuric acid. 
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The crucible and fined melt were pulverized in a mortar and charged in a 
small retort which connected with the rest of the apparatus by means of 
a ground-glass joint. The apparatus is shown in Fig. 2. The Erlenmeyer 
flask contains 50 cc. of 5 percent potassium iodide solution which rises in the 
bulbed tube when the retort is heated. Glass beads moistened with the 
potassium iodide solution are contained in the top section of the bulbed tube. 
15 cc. of 3:1 hydrochloric acid are added to the material in the retort, which 
is then heated with bubbling through the liquid in the bulbed tube until the 
equivalent of chlorine set free by the available oxygen of the melt has all 
gone over and liberated an equivalent 
quantity of iodine, which is titrated with 
standard thiosulphate solution.^ The 
method is a standard one slightly modified. 

Curves analogous to the sodium oxide- 
boric oxide one were run for two tempera¬ 
tures, controlled with the optical pyro¬ 
meter. Here again all that can really be 
said is that one was done at a considerably 
higher temperature than the other. The 
data are given in Table VI. 

The data of Table VI are shown 
graphically in Fig. 3, which includes, for 
comparison, the sodium oxide-boric oxide curve in broken line. The ordinates 
arc grams of available oxygen per gram of manganese multiplied by one hun¬ 
dred and the abcissas are mol percents of the respective basic oxides. The 
lead curves clearly show the equilibrium between di- and trivalent manganese 
and its shift to the trivalent colored form with increase in the mol fraction of 

Table VI 

Grams of Available Oxygen per Gram of Manganese in Melts of Different 
Proportions of PbO and B2O3 at Two Temperatures 

A. Low Temperature Runs 


Number 

Mol percent 
PbO 

Grams .Available 
Oxygen per Gram 
of Manganese 

Number Mol percent 
PbO 

Grams Available 
Oxygen |)er Grain 
01 Manganese 

I 

0.0 

0.000 

6 

92.4 

0.137 

2 

23.8 

0.006 

7 

9 S -3 

0.140 

3 

48.9 

0.034 

8 

96.8 

0.147 

4 

50-1 

0,031 

9 

98.4 

0.142 

5 

M 

00 

0.094 

10 

100.0 

0.141 



B. High Temperature Runs 



I 

0.0 

0.000 

4 

78.2 

0.057 

2 

59-2 

0 

0 

5 

95-3 

o.o8q 

3 

78.2 

0.052 

6 

95-3 

0.089 


See also Treadwell-Hall: ‘^Analytical Chemistry/’ 2, 564 (1928). 



Fig. 2 

Apparatus used in determining the 
Available Oxygen per gram of Man¬ 
ganese in Lead Borate Glasses. 
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basic oxide and lowered temperature. Interesting points are the compara¬ 
tively weak effect of lead as compared with sodium, manganate not formii^ 
even in pure molten lead oxide, and the fact that the complete oxidation to 
the trivalent form is shown at the lower temperature, but not at the higher. 

The Sodium Oxide-Phosphorus Pentoxide System. Two No. o porcelain 
crucibles were charged with 0.05 gram of manganese dioxide and sodium dihy¬ 
drogen phosphate to give three grams of metaphosphate glass (NaPOs). 
They were supported on asbestos boards and heated in air, one with the low 
flame of the Fisher burner and the other with a blast M 4 ker burner. On 
cooling, a direct comparison of the two showed a distinctly lighter color 



in the case of the latter. This gives a qualitative demonstration of the shift 
to the colorless divalent form with hi^er temperature. The color was re¬ 
moved from a phosphate melt by the addition of phosphorus pentoxide and 
brought back in the same melt by the addition of sodium hydroxide, demon¬ 
strating the effect of shift in the acid-base ratio to be qualitatively similar 
in the case of this system. 

The same sort of thing undoubtedly occurs in silicate systems. Quite 
a long line of evidence for this can be developed from a consideration of well- 
known phenomena in the case of manganese-bearing silicate glasses, several 
of which are discussed later in this paper. It should of course be demonstrated 
experimentally. Simple qualitative experiments as reported ^heie for the 
phosphate system should be easy if one had the proper furnace. The quan¬ 
titative demonstration might well involve considerable experimental diffi¬ 
culty. 
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Applications in Glass-Making 

Assuming that the foregoing results may be directly extended to silicate 
glasses, important possibilities may be adduced with regard to glass-making 
and various phenomena explained. The decolorizing action of manganese is 
an important aspect of this subject and since this directly involves iron, some 
study of iron in the borax bead makes a valuable preliminary. 

Briefly, it has been shown that, as opposed to the case of manganese 
where two states of oxidation are in equilibrium in comparable amounts, iron 
is all or very nearly all ferric in borax glass heated in air with a Fisher burner 
0.05 gram samples of ferric oxide were charged with three grams of borax glass 
in No. o porcelain crucibles and the latter supported in an asbestos board and 
heated with the full flame of a Fisher burner. After fusion, fining and solu¬ 
tion in dilute sulphuric acid the iron was shown to be practically all trivalent 
either by titration with permanganate when the titre was zero or with stan¬ 
nous chloride^ when the titre was equivalent to the total iron. This result was 
checked using ferroso-ferric oxide in place of ferric oxide, eliminating the 
possibility that the ferric oxide was losing oxygen slowly in the first experi¬ 
ments. Actually such proof was hardly necessary since the melts with ferric 
oxide melts could be heated for hours without decrease in their oxidizing 
capacity. 

A simple but rather interesting decolorization experiment was performed- 
A melt colored yellow with iron was decolorized by adding manganese dioxide. 
In glass-making manganese dioxide is supposed to act in two ways, by oxida¬ 
tion of ferrous iron to ferric and neutralization of the resulting ferric color 
with its own pink. In this case it is known that the iron was all ferric to 
start with. It is therefore a case of decolorization in which the action is 
simply optical. 

The coloring or decolorizing action of manganese in a glass depends upon 
the depth of color which it produces, visible in the first case and neutralized 
by the iron color in the latter. It has been shown that the pink produced by a 
given amount of manganese depends not only upon the oxidizing and re¬ 
ducing conditions, but also upon the acid-base composition of the glass and 
upon the temperature, since the depth of color depends upon the position 
of a manganous-manganic equilibrium which shifts with these factors. Any 
sort of satisfaction using manganese in glass-making must depend first upon 
an empirical determination of the proper amount of manganese for the par¬ 
ticular conditions and secondly upon uniformity of composition and tem¬ 
perature throughout the batch. ITie theory can be of use in directing the 
initial experiments to determine the proper amount of manganese in any case. 

Scholes’ observation* that only a small part of the manganese used is 
effective in producing color, not more than about ten percent in some cases, 
meets with an obvious explanation. Under the particular conditions observed, 

^Treadwell-Hall: ^‘Analytical Chemistry,” 2, 594 (1928); Nugent: Dissertation, Uni¬ 
versity of Arizona (1925). 

* J. Soc. Chem. Ind., 35 , 518 (1916). 
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the equilibrium must have been well over on the manganous side, apparently 
at about ninety percent manganic and ten percent manganous manganese. 

We have made a borax melt yellow with iron; then added manganese 
through the colorless stage to a definite pink, stable at the comparatively 
low temperature employed. The same melt was next heated at a temperature 
several hundred degrees higher than the first and a colorless glass resulted 
on cooling. The equilibrium had shifted sufficiently to the colorless side 
to leave only sufficient depth of color to neutralize the iron. Presumably 
at a still higher temperature the manganese equilibrium could have been 
shifted almost completely to the manganous side and the yellow color of iron 
caused to reappear. Such a melt with extreme temperature differences would 
be pink, yellow, and colorless in different portions. The fact that the hotter 
pots in elliptical regenerative furnaces require more manganese is readily 
explicable on this basis. ^ A borax melt containing manganese and no iron has 
also been observed from which, when heated at a low temperature, colored 
beads could be obtained by removing them on a glass rod and plunging them 
quickly into water. When the same melt was heated at a temperature several 
hundred degrees higher, this same procedure produced perfectly colorless 
beads. 

Bunting^ has observed that glass decolorized with manganese, when 
heated at 1400° under three-hundredths atmosphere pressure of air, resumed 
the green color due to iron. With reduced oxygen pressure the manganese 
equilibrium shifted completely to the colorless side. In one particular case 
a frozen melt was obtained in which the process could be observed partially 
complete. There were three layers, the bottom one green and containing no 
bubbles, the middle one colorless with many fine bubbles and the top layer 
pink and full of large bubbles. The manganese contents of the three layers 
were the same. 

Some difference of opinion has arisen as to the cause for these differences 
in color. Tillotson® suggested that the succession of colors from the bottom 
up was due to the progressive decomposition of manganate. This assumes 
that the original glass contained manganate and should therefore have been 
green, which as far as one can gather it was not. Bunting attributes the 
pink of the top layer to increase in trivalent manganese due to excess oxygen 
from decomposing oxides in the melt. This was most probably a factor. 
However if uniform temperature had prevailed throughout, the manganic 
oxide in the top layer should have decomposed first because of the lower 
pressure in the upper part of the melt. On this basis it should have been 
greener than the rest rather than pinker. 

The writers prefer an explanation including the shift of the manganese 
equilibrium with temperature, which follows if it is assumed that the bottom 

of Bunting^s crucible was hotter than the top. Under those conditions a color 

__ > 

^ J. Soc. Chem. Ind., 35 , 518 (1916). 

* J. Am. Ceramic Soc., 5 , 594 (1922). 

* J. Am. Ceramic Soc., 5 , 595 (1922). 
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gradient would be expected which might well go from green to pink with an 
intermediate colorless region. In the green high-temperature layer the 
manganese equilibrium might well have been shifted so far to the colorless 
side as to prevent its masking the green of the iron and in the top pink layer 
so far to the other side as to give excess pink aided by oxygen from decompos¬ 
ing oxides. 

The violet color which appears in ordinary glass on prolonged exposure to 
sunlight is most probably due to manganese although Jackson^ states that 
the nature of the material causing the color is unknown. Assuming it to be 
manganese, it is significant that the pink which produced in glasses purposely 
colored with manganese is somewhat similar. This has been shown to be due 
to the trivalent form. Building on this, it is possible that the effect of the 
light is to shift the manganous-manganic equilibrium to the manganic side.- 
In the dark the original equilibrium state cannot be regained at a perceptible 
rate because of the rigidity of the structure, but on heating this can and does 
happen, the colorless state being regained because of the greater freedom of 
movement in the system at the higher temperature. This is at present the' 
best way to regard the situation. 'Fhe shift may be' accompanied either by 
absorption of the necessary oxygen from the atmosphere on oxidation within 
the glass®. 

Jackson goes on to say that so far as he knows, all colors produced in 
glasses and minerals by radiation may be destroyed by heating. The general 
process is probably as descried in the preceding paragraph, a return from the 
photochemical equilibrium state to the normal one made possible by greater 
freedom of movement in the structure at the higher tc'mperature. Jackson 
further states that he has never been able to decolorize by heat a glass pur¬ 
posely colored with manganese, even by heating it to its melting point. The 
ready explanation for this fact is that he Avas always necessarily heating his 
glasses at a low('r temperature than that at which they were originally 
formed. Under these conditions the equilibrium would tend to shift to the 
colored manganic side. The only possible result would thus be a deepening 
of the pink color rather than its disappearance as looked for by Jackson. 

According to Scholes,^ when a glass decolorized with manganese is annealed 
for a long time below its melting point, the decolorizing effect is apparently 
lost in that the glass becomes green. The striking thing is, however, that 
the green which appears is deeper than that which would have resulted if no 
manganese had been used originally. The old theory was that ferrous iron 
reduced manganic manganese under these conditions. Scholes prefers the 
view that the green which appears is manganate because he thinks that all 
the iron in the glass is ferric to start with, and secondly because the green is 

^ Compare Berthe of Compt. rend., 143 , 477 (1906). 

* Nature, 120, 303 (1927). 

* In this connection see Berthelot. Compt. rend., 143 , 477 (1906): Simon: Neues Jahrb. 
Mineral. Geol. Berlaee-Band, 26 , 249 (1908); Hermann: Z. anorg. Chem., 60 , 369 (1908); 
Find and Bardwell: Am. Mineral., 8, 171 (1923). 

* J. Soc. Chem. Ind., 35 , 519 (1916). 
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too green for ferrous iron as stated. He feels that a colloidal change is ruled 
out because the pink color cannot be restored by further heat treatment as it 
can in the case of certain ruby glasses. 

We have not produced this annealing effect proper in borax, but have 
performed an experiment which demonstrates the formation of manganate 
without gross melting. A manganese bead was taken from a 69.6 percent 
sodium oxide mixture. It was deep green in color and renuuned so in the 
oxidizing flame of the Bunsen burner. In the reducing flame it went from 
green to pink to colorless as would be expected. It was next brought back to 
the pink condition in the oxidizing flame and then heated in a shallow porce¬ 
lain dish in air at such a temperature that melting did not occur. Neverthe¬ 
less development of green color was observed in the external portions of the 
bead. The conclusion is that a glass made under one set of conditions and 
showing no manganate green may develop it without melting. It is probable 
in this experiment that softening did occur in the outer layers which rendered 
access of air for the oxidation to mai^anate more easy. It would be in¬ 
teresting to know whether the green color observed in glasses on annealing 
is always uniform throughout the glass or sometimes more concentrated 
near the surface. Cases are known in which the color of purple manganese 
glasses was all in the surface layer.' 

The examples which have been discussed serve to indicate the application 
of the manganese equilibrium to problems in glass making. Numerous others 
mi^t be mentioned, but a complete list would be too long since the principles 
of the equilibrium must be applicable in every case in which manganese 
enters the batch. 


An Abdication in Mineralogy 

After iron, chromium and manganese have been called the most important 
metallic mineral colorants.* As examples of minerals colored amethyst, rose, 
and pink by manganese Holden* gives rose quartz, pink beryl, kunzite, 
rubellite, thulite, pink andalusite and piedmontite. Holden states that the 
color is due to manganese in the trivalent form but quotes Scholes as 
having proved this to be the case in pink glasses. 

Holden himself has studied the cause of color in rose quartz and concluded 
trivalent mmiganese to be responsible. Certain of bis observations and 
those of others reported in his paper point to a shift of the manganous- 
manganic equilibrium in this mineral with temperature. A discussion of these 
serves to exemplify the application of the present view of the situation in 
mineralogy. 

True rose quartz, it appears, occurs only in massive form and never in 
clear-cut crystalline forms like the amethyst. Geological evidence indicates 
that rose quartz is formed below 575® whereas colorless quartz from the same 

^ J. Soc. Chem. Ind., 35 , 520 (1916). 

* Hennann: Z. anorg. Cbem., 60 , 369 (1908). 

* Am. Mineral., 9 , April-May (1924). 
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type of environment is generally formed above this temperature.^ This is a 
point of great interest, because it was found that the color actually does dis¬ 
appear from rose quartz when it is heated to about 575® in air. The phe¬ 
nomenon is quite general, because it was shown by specimens from all parts 
of the world. No relation was found between the disappearance of color and 
the change from a to jS quartz which occurs near the same temperature. In 
no case was there a tendency toward a change in color but rather a gradual 
fading of the original rose. Silica gel, purposely colored pink with man¬ 
ganese, lost its color at an even lower temperature than rose quartz, a crown¬ 
ing piece of evidence. This decolorization is entirely different from that pro¬ 
duced by heating in the amethyst and in general in minerals and glasses 
which owe their color to irradiation, because it is impossible to reproduce the 
color in the heat-decolorized specimens or to strengthen the color by means 
of strong radium preparations. 

Holden says: ^‘Manganese compounds readily change their state of oxida¬ 
tion under conditions of rising temperature and the loss of the rose color at 
or near 575® is certainly not opposed to a coloring by Mn"^*^, especially 
since the manganese compound in rose quartz must be in a very finely divided 
state, and would be therefore likely to be more than usually susceptible to 
temperature changes. Either a reduction to MnO or oxidation to Mn02 
would discharge the color. Whatever the mechanism of the loss of color, it 
is certainly one that can be undergone by Mn208, for the dried silica gel 
colored by Mn+*+'+, described in part IX of this paper, loses its color on heating 
even more readily than does the rose quartz. This is probably because the 
gel is more porous.^^ 

The whole phenomenon can be described in terms of the shift of the 
manganous-manganic equilibrium to the manganous side with rise of tem¬ 
perature as described in the present paper. The matter can be carried fur¬ 
ther for the oxidation to Mn02 as a possible cause for the color disappearance 
may be ruled out. The question comes up as to whether oxygen is actually 
given off by the mineral or whether some constituent is oxidized. Holden’s 
reference to the silica gel being more porous indicates that he favors the first 
explanation. The gel structure did not break down when decolorized by 
heating. This same general question has been mentioned in the case of glass 
colored by sunlight. 

Theoretical Points 

Several points seem of particular theoretical interest. 

I. In sodium oxide-boric oxide mixtures the manganous-manganic 
equilibrium shifts from 100 percent manganous in pure boric oxide to 100 
percent manganic in a 55 percent sodium oxide mixture at the temperature 
employed. The question arises as to why additional base should favor the 
formation of a basic form of manganese which presumably requires more 
molecules of boric oxide per molecule than manganous manganese, in the 
ratio of three to two. 

^Wright and Larsen: Am. J. Sci., 27 , 421 (1909). 
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2. As shown in Fig. i, manganate is first formed when the molecular 
ratio of sodium oxide to boric oxide is two to one. 

3. Under the same conditions in a melt of 50 mol percent basic oxide 
and 50 mol percent acidic oxide, manganese is 89 percent manganic in a 
sodium oxide-boric oxide mixture, 23 percent manganic in a litharge-boric 
oxide mixture. The question is to offer a qualitative explanation for these 
differences. 

4. In a borax melt under the same conditions manganese is 40 percent 
manganic whereas iron is certainly close to 100 percent ferric. 

Manganese in pure boric oxide is all in the form of manganous borate. 
The strong base sodium oxide tends to displace the weaker base manganous 
oxide from combination with boric oxide. It cannot conceivably do this with 
the formation of manganic borate requiring more boric oxide than the original 
manganous borate. Actually very few manganic salts have been made and 
none with such weak acids as boric. The probable thing then is that sodium 
oxide displaces manganous oxide from combination, which promptly oxidizes 
to manganic oxide which is the stable combination of manganese and oxygen 
in free condition in a melt at this temperature and oxygen pressure. The 
manganic oxide causing the pink color is thus probably in the free form in 
the melt. 

The first appearance of manganate when the molecular ratio of sodium 
oxide to boric oxide is two to one probably corresponds to the first appearance 
of free sodium oxide in the melt. Presumably up to this point it is all in com¬ 
bination with boric oxide. 

Lead oxide is a weaker base than sodium oxide and therefore a greater 
molecular concentration should be required to displace the manganous- 
manganic equilibrium to the same extent; as was found to be the case. 

The first thing that comes to mind on comparing the cases of manganese 
and iron in borax glass is the relative ease of oxidation from the ferrous to the 
ferric condition as compared with that from the manganous to the manganic 
condition.^ The prime cause in producing the manganous-manganic equilib¬ 
rium is the much greater affinity of boric oxide for strongly basic manganous 
oxide than for weakly basic manganic oxide. This difference is sufficient to 
overcome the normal tendency for manganese to go to the trivalent state at 
this temperature and oxygen pressure. Ferrous oxide is likewise much more 
strongly basic than ferric oxide, but here the greater tendency to oxidize to 
the trivalent condition must be the dominant factor. 

For the present these explanations must be considered only as rather 
interesting speculation. They suggest the way however to researches of 
possibly great general importance. Particular attention is directed to the 
evidence leading to the conclusion that manganic oxide is in the free con¬ 
dition in glass melts. ^ 


I Lowry: ^'Inorganic Chemistry,” 777 (1922). 
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Summary 

The pink-violet color of the manganese borax bead under oxidizing con¬ 
ditions is due to trivalent manganese, probably in the form of free man¬ 
ganic oxide. The manganese in the colorless bead in the reducing flame is 
divalent and is probably in combination as manganous borate. 

Under ordinary conditions in the oxidizing flame, the two forms are in 
equilibrium at about forty percent manganic manganese. Higher oxygen 
pressure, lower temperature, and increased alkali in the melt favor the 
colored form by shifting the equilibrium to the manganic side. Lower 
oxygen pressure, higher temperature, and increased acidic oxide in the melt 
do the opposite. 

The behavior as shown by the sodium oxide-boric oxide system has also 
been demonstrated, quantitatively in the case of the litharge-boric oxide 
system and qualitatively in the case of the sodium oxide-phosphorus pent- 
oxide system. 

Assuming it to obtain also in silicate systems various applications of the 
knowledge of the equilibrium to problems in glass-making have been dis¬ 
cussed. The principles involved must be applicable in every case in which 
manganese enters the batch. 

An application in mineralogy has also been discussed. The loss of color 
of rose quartz on heating is attributed to a shift of a manganous-manganic 
equilibrium. 

Lmder the same conditions in which manganese is about forty percent 
manganic and sixty percent manganous in borax melts, iron is certainly nearly 
loo percent ferric. A possible theoretical reason for this difference has been 
discussed together with certain other points of theoretical interest. 

Cornell University, 



THE DISSOCIATION PRESSURE OF VANADIUM PENTOXIDE* 


BY E. F. MILAN 

In view of the importance of vanadium pentoxide as an oxidation cata¬ 
lyst, it was thought advisable to study its dissociation pressure. Such a 
study was evidently quite necessary when one considers that in the chemical 
literature* vanadium pentoxide is stated to be a stable compound up to 
i75o'’C. In view of the fact that it is an active catalyst and also oxidizes 
hydrochloric acid, we were led to suspect a rather high dissociation pressure 
of oxygen. Preliminary experiments in which nitrogen or carbon dioxide 
was passed over VaOs at 92s°C. showed that about 50% of the pentoxide had 
decomposed into lower oxides. 



Preparation of Material 

The VjOsWas prepared by a method similar to that used byC. Matignon.* 
Ammonium metavanadate was heated in an electric furnace at a temperature 
of 28 o‘’-3oo®. The ammonia evolved was pumped off by means of a high- 

* Contribution from the Chemistry Laboratory of The Johns Hopkins University. 
This article has been taken from the dissertation submitted by E. F. Milan to the Board 
of University Studies of the The Johns Hopkins University in partial requirement for the 
degree of Doctor of Philosophy. 

‘ Read: J. Chem. 80c., < 55 , 313 (1894); Tiede and Bimbauer: Z. anorg. Ci^em., 87 , 161 
(i9i4)' 

*C. Matignon: Chem. Ztg., 29 , 986 (1905). 
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vacuum pump. The resultant powder was treated with nitric acid and 
evaporated to dryness three times. This powder was heated in air to a tem¬ 
perature of 400® in order to remove traces of nitric acid. The resulting V2O5 
was then heated in a platinum boat in an atmosphere of oxygen at a tem¬ 
perature of 75 o°-8oo® for two and one-half hours. The fused V2O5 was al¬ 
lowed to cool and crystallize under the same pressure of pure oxygen. The 
oxygen introduced into the furnace was purified by passage over hot copper 
oxide, calcium chloride, soda lime, and phosphorus pentoxide. The V2O;, 
obtained consisted of beautiful needle-like crystals of a glossy, reddish cast, 
which when analyzed proved to be pure vanadium pentoxide. 

Our method of measuring the dissociation pressure of at various 

temperatures may best be understood by referring to Fig. t. The method 
of operation was as follows: 

Experimental Procedure 

A weighed sample of pure vanadium pentoxide in a platinum boat was 
placed in the quartz tube K. This tube was then sealed off at one end and 
connected to the system through the quartz to Pyrex seal F. The electric 
furnace was set in such a way that the platinum boat containing the vanadium 
pentoxide* was exactly in the center. The thermocouple was placed in the 
furnace and connected to a Leeds and Northrop indicating pyrometer. The 
electric furnace was connected in series with a rheostat, lamp bank and am¬ 
meter to a iio-volt supply. The furnace was kept in a horizontal position 
and the quartz tube was supported outside the furnace by means of clamps. 
This allowed the removal of the thermocouple and furnace without disturb¬ 
ing any part of the system. The Hcmpel burette and U-tube together with 
the leveling bulbs-were mounted on suitable stands and supported by iron 
clamps. 

The leveling bulbs attached to the Ilempel burette and the U-tube were 
placed in their lowest position and the mercury-seal .stopcock opened. This 
placed every portion of the system in communication with the pumps, which 
were then started. Evacuation was kept up for several hours keeping the 
system at room temperature. In order to remove all traces of water vapor 
and adsorbed gases from the walls of the system and from the sample, the 
quartz tube E was heated at 2oo°C. and the Pyrex tubing constituting the 
remainder of the system was heated with a free flame while evacuating at 
the same time with both pumps. The pumping and heating were continued 
until the pressure remaining in the apparatus was approximately io~^ mm. 
of mercury as shown by the Meixiod gauge. The mercury in the Hempel 
burette was raised above the upper stopcock by aid of the leveling bulb which 
was then clamped in this upper position. The stopcock of the Hempel burette 
was then closed. The leveling bulb attached to the U-tube was raised and 
the mercury in both arms brought to the zero mark of the scale. No differ¬ 
ence in pressure between the two arms could be detected. The mercury-seal 
stopcock was then closed and the pumps were stopped. The McLeod gauge 



500 


E. V, MILAN 


indicated the pressure in the right hand side of the U-tube and system and 
was read whenever pressure readings were taken. This pressure was main¬ 
tained at approximately io~^ mm. throughout all of the runs. The difference 
in levels between the two arms of the U-tube gave the actual pressure in the 
left-hand side of the system directly. The mercury-seal stopcock held the 
vacuum very well and the right-hand side of the system had to be pumped 
out only at intervals of about 24 hours. 

The sample was then heated up to 1100 degrees centigrade very gradually. 
During this heating the temperature was kept constant at certain values 
(25 to so degrees intervals throughout the range) by means of the rheostat 
and lamp bank. A constant current could be maintained in the heating cir¬ 
cuit in this way. Readings of time, current, furnace temperature, oxygen 
pressure, room temperature and volume were taken at regular intervals. The 
difference in height read on the U-tube manometer gave the oxygen pressure 
reading. Room temperature was read on a thermometer suspended near the 
U-tube. The volume of the system was obtained from a calibration curve 
and was determined by the height of the mercury in the left hand side of the 
U-tube. This calibration curve was obtained by dividing the system into 
four parts, filling each part with mercury and weighing the mercury required 
to fill each portion. The sum of these four volumes gave the total volume 
up to the zero mark on the left arm of the U-tube. The left arm of the U- 
tube was calibrated in the usual manner by weighing measured lengths of 
mercury throughout its whole length. Tte volume of the four portions 
plus the volume of the left arm up to the mercury level as read on the U-tube 
gave the total volume of the system. The temperature was kept constant 
at each value selected until temperature and pressure equilibrium was es¬ 
tablished. It was found that this equilibrium adjusted itself very rapidly. 

After reaching a temperature of about iioo‘’C. the current in the heating 
circuit was reduced and the temperature of the furnace (and of the sample) 
was lowered in steps or intervals of 25° to 5o°C. Time was allowed for 
pressure and temperature to reach constant values and readings were taken 
as before throughout the temperature range. This heating and cooling was 
repeated in order to ascertain the degree to which the results were repro- 
duciable. The sample was then heated again to about i ioo°C. and the oxygen 
in the gas phase was allowed to expand into the Hempel burette (the leveling 
bulb being clamped in a lower position). The leveling bulb was adjusted so 
that 100 cc. of oxygen was admitted to the burette at the temperature of the 
surrounding jacket and at the pressure indicated by the difference in height 
of the mercury in the U-tube. The upper stopcock of the burette was closed 
and the temperature and pressure at which the oxygen was removed was then 
recorded. This oxygen was removed from the burette by means of the level¬ 
ing bulb and the mercury was brought back to the original position above the 
stopcock. The mercury was kept above the stopcock in order to eliminate 
the possibility of any leak of gas either from the system or to the system from 
the outside. Since the only other stopcock in the system was beyond the 
U-tube, leaks were impossible. 
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The sample was again heated and cooled and readings were taken as in 
the preceding runs. A sample of oxygen was removed by the same procedure 
as before and similar readings of pressure, temperature and volume taken. 
In this way a large number of volumes of oxygen were removed, the com¬ 
position of the sample varying accordingly. 

After the last run the sample was cooled very gradually to room tem¬ 
perature. The thermocouple and furnace were removed and air was admitted 
to the system. The platinum boat containing the sample was removed from 
the quartz tube and the sample analyzed for lower oxides. 

The temperature gradient of the system was determined in the following 
maimer: The furnace was replaced over the quartz tube so that it occupied 
the same position as during all of the previous runs. C^are was also taken 
to replace the Pt-PtRh thermocouple in its former position. An iron- 
cromcl metal thermocouple was placed just inside of the right-hand end of 
the furnace (shown by point 2, Fig. i). The asbestos boards were replaced 
at the ends of the furnace and everything was arranged just as in all of the 
previous runs in order to have conditions comparable. Thermometers were 
placed at points 3, 4 and 5, The furnace was heated up from room tem- 
{leraturc to iioo^C. Simultaneous readings of temperature were taken at 
points 1,2,3,4 and 5 at regular temperature intervals throughout the whole 
range. These observations gave the average temperature of each of the five 
portions of the s^^’stem at a corresponding furnace temperature as registere(i 
at point I. 

Results 

The readings and results of the experiments on the measurement of the 
oxygen pressure of vanadium pentoxide are given in the following tables. 

Table I represents a few of the measurements in which pure vanadium 
{xuitoxide was used at the beginning. Zero time was recorded at the start 

Tahle I 

Measurement of Oxygen Pressure of Vanadium Pentoxide 
Weight of sample 2.1017 grams 
('Composition of sample—Pure V2O:, (at beginning of expt.) 


Time 

elapsed 

hrs. 

Furnace 

Temperature 

Oxygen 

Pressure 

mm. 

Time 

elapsed 

hrs. 

F urnaco 
Temperature 
‘’C 

Oxygen 

Pressure 

mm. 

0.0 

24.8 

0.0 

41.S 

875 

49.0 

2.0 

0 

00 

6.5 

43-33 

700 

14.2 

3-17 

700 

16.0 

48.08 

800 

29.0 

367 

800 

31-5 

48.67 

850 

42.0 

450 

875 

49.0 

52.17 

1075 

146.5 

4-58 

goo 

60.5 

65.75 

700 

14.0 

4.67 

925 

67.5 

69.58 

850 

42.0 

5-67 

1025 

119.0 

70.0 

900 

58.0 

6.91 

1050 

131.5 

71.75 

1075 

146.0 

8.67 

logo 

156.5 
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Table la 


Furnace Pressure 
Temp. mm. 
®C. 

Mols O2 
in 

Gas Phase 

% 

V2O4 

Furnace 

Temp. 

®C. 

Pressure 

mm. 

MolsO> 

in 

Gas Phase 


5 so 

7 -S 

1.4 X io~* 

0.24 

900 

60.0 

9.7 X lo-* 

1.70 

600 

95 

1.7 X io“‘ 

0.30 

950 

76.0 

1.2 X lo-* 

2.12 

650 

7-5 

1.3 X io“* 

0.23 

1000 

100.0 

1.6 X io~* 

a- 7 S 

700 

14.2 

2.5 X 10-' 

0.43 

1050 

130.0 

2.05 X 10“^ 

3 - 5 S 

750 

19.0 

3.2 X 10-® 

0.56 

1100 

162.0 

2.5 X 10-^ 

4-37 

800 

29.0 

4.9 X io“® 

0.85 

1125 

176.0 

2.7 X 10-* 

4.72 

850 

41.S 

6.9 X io“® 

1.20 






Table II 

Measurement of Oxygen Pressure of Vanadium Pentoxide 
Sample; 2.1017 g. Pure V2O5 less 0.00026 moles oxygen removed at end of 
preceding run. Equivalent to 95.5% VjOs— 4-So% V2O4 (at be¬ 
ginning of Expt. II). 


Time 

elapsed 

hrs. 

Furnace 

Temp. 

°C. 

Pressure 

mm. 

Percent 

V,04 

Time 

elapsed 

ms. 

Furnace 

Temp. 

®C. 

Pressure 

mm. 

Percent 

V.O 4 

3-55 

700 

0.0 

4.50 

18.0 

600 

0.5 

4.51 

3*75 

775 

0.5 

4 SI 

19-35 

850 

1.9 

4-55 

3-83 

800 

0.5 

4 SI 

20.17 

97 S 

12.0 

4.83 

3-91 

825 

1.0 

4-53 

20.67 

1050 

36.0 

5-46 

4.67 

975 

II .6 

4.82 

21.25 

1075 

48.15 

b.8i 

6.25 

1125 

76.3 

6.54 






Table III 

Measurement of Oxygen Pressure of Vanadium Pentoxide 
Sample: 2.1017 g. Pure V2O6 less 0.00042 moles oxygen removed at end 
of runs I and 2 incl. Equivalent to 92.71% V206-7.29% V2O4 (at 
beginning of Expt. Ill) 


Time 

elapsed 

hrs. 

Furnace 

Temp. 

Pressure 

mm. 

Percent 

V,04 

Time 

elapsed 

hrs. 

Furnace 

Temp. 

®C. 

Pressure 

mm. 

Percent 

V »04 

1.00 

925 

1*7 

7-34 

2.85 

1000 

6.8 

7.48 

1.42 

800 

0.0 

7.29 

317 

1050 

15.8 

7.72 

2.42 

900 

1.0 

7.32 

367 

1100 

30.9 

8.12 

2.67 

950 

2.8 

7-37 






of the heating period and subsequent readings of furnace temperature, and 
oxygen pressure are shown in columns 2 and 3. It is to be noted that as the 
temperature increased the oxyegn pressure also increased. 

The amount of oxygen in the gas phase at any time, as shown in Table la, 
was obtained by a summation of the amounts in each of the portions into 
which the system had been divided. The amount in each portion was ob¬ 
tained by me^ of the perfect gas law (PV =« nRT). P was the pressure 
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read on the U-tube and is given in column 2, Tx was the absolute temperature 
of the oxygen under consideration in each volume V*, R was taken as 82.07 
(cc. atm.) and n* was the calculated number of mols of oxygen in the gas 
phase of each portion. 

Table IV 

Measurement of Oxygen Pressure of Vanadium Pentoxide 


Sample: 2.1017 g. Pure V2OB less 0.00055 mols oxygen removed at end of 
runs, I, 2, and 3 incl. Equivalent to 90.47% V205-9.53% V2O4 
(at beginning of Expt. IV) 


Time 

Furnace 

Pressure 

Percent 

Time 

Furnace 

Pressure 

Percent 

elapsed 

Temp. 

mm. 

V ,04 

elapsed 

Temp. 

mm. 

V2O4 

hrs. 

‘’C. 



hrs. 

°C. 



1.0 

975 

1.8 

958 

15-67 

1000 

2.8 

9.61 

1-50 

87s 

0.0 

9 -S 3 

* 7-25 

1075 

II .6 

9.84 

150 

950 

0.8 

956 








Table V 





Measurement of Oxygen Pressure of Vanadium Pentoxide 


Sample: 

2-1017 g. 

Pure V2O5 less 

0.00063 mols oxygen removed at end of 


runs I, 2 

, 3 and 

4 incl. Equivalent to 89.07% V2O4 


(at beginning of Expt. V) 





Time 

Furnace Pressure 

Percent 

Time 

Furnace 

Pressure ] 

Percent 

elapsed 

Temp. 

mm. 

V2O4 

elapsed 

Temp. 

mm. 

V2O4 

hrs. 




hrs. 

°C. 



2.17 

965 

1.0 

— 

4.50 

1025 

30 

11.01 

3.08 

82s 

0.0 

10.93 

4-58 

1050 

50 

11.06 

367 

900 

0.4 

10.94 

4 83 

1100 

II.8 

11.24 

4.0 

950 

0.9 

10.95 






Table VI 

Measurement of Oxygen Pressure of Vanadium Pentoxide 


Sample: 2.1017 g. Pure V2O6 less 0.00072 mols oxygen removed at end of 
runs I to 5 incl. Equivalent to 87,53% V205-i2.47% V2O4 (at 


beginning of Expt. VI)^ 


Time 

elapsed 

hrs. 

Furnace Pressure 
Temp. mm. 

°C. 

Percent 

V2O4 

9.42 

900 

0.6 

12.49 

12.0 

850 

0.7 

12.49 

12.50 

900 

1.0 

12.50 

10 

950 

1 -4 

12.51 


Time 

elapsed 

hrs. 

Furnace Pressure 
Temp. mm. 

Percent 

V 2()4 

130 

1000 

2 . I 

12.53 

1333 

1050 

41 

12.58 

195 

1100 

10.0 

12.74 


Experiment II was carried out using the same sample of V2O6 as in the 
preceding run except that 100 cc. of the evolved oxygen was removed at 
23.o®C. and 48.0 mm. pressure leaving a sample corresponding to a com¬ 
position of 95.5% V2O6 —4.5% V2O4. Similar readings and calculations 
as in Tables I and la were made and are given in tabular form in Table II. 
It is to be noted that the pressures read in this experiment are considerably 
lower than the pressures at the corresponding temperatures in Table I. As 
the total volumes in this experiment at corresponding temperatures were 
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approximately the same as in the preceding experiment and as the pressures 
were much lower, the amounts of oxygen in the gas phase were also con¬ 
siderably less than in the preceding run. The oxygen pressure at ii25®C. 
was 76.3 mm. while it was approximately 176 mm. at this temperature in the 
first run. The number of mols of oxygen in the gas phase was proportionately 
less, being less than one-half that in the first run. The increase in V2O4 at 
this temperature and pressure (ii2 5°C. and 76.3 mm) was about 2 mol 
percent over the amount present at the beginning of the run. 

The composition of the V 205 -~V 204 mixture was further varied by re¬ 
moving additional amounts of oxygen. Readings and calculations were 
made as in the preceding runs and are shown in Tabular form in Tables III- 
VI. Behavior similar to that reported above was noted in all of these ex¬ 
periments. As smaller amounts of oxygen were removed in the successive 
runs the pressure differences at the higher temperatures were not as great 
as between experiments I and II. 

Table VII 


Oxygen removed at End of Runs 
Started with 2.1017 g. V2O5 


No. 

Volume 

Temp. 

Pressure 

Mols O2 

Mol % 
Removed 

Run 

Removed 

cc. 

®C. 

mm. 

Removed 

I 

100 

23.0 

48.0 

0.00026 

4.50 

2 

100 

25-3 

30.0 

0.00016 

2.79 

3 

100 

25.0 

24.0 

0.00013 

2.24 

4 

100 

25.0 

150 

0.00008 

1.40 

S 

100 

25.0 

16.5 

0.00009 

1-54 

6 

0 


Totals 

0.00072 

12.47 


The oxygen removed at the end of each run is given in tabular form in 
Table VII. Column 2 gives the volumes removed at the temperatures and 
pressures given in columns 3 and 4. The mols of oxygen are calculated by 
means of the perfect gas law and the amounts (in mols) removed are given 
in column 5 while column 6 gives the mol percents. 

An analysis of the sample (melt) after the completion of Run 6 was per¬ 
formed as follows: 

The mixture of vanadium oxides was taken from the furnace, weighed 
and treated with nitric acid. After evaporating to dryness three times, 
the powder was heated in an electric furnace at a temperature of 4oo®C. 
Upon reweighing, it was found to have increased in weight by an amount 
corresponding to that required if 12.46% of the original melt had been ^here 
as V2O4. This analysis was repeated with the result that the above figures 
were again duplicated. This is a conclusive proof that our calculation of 
the percentage of V2O4 in the melt from a measurement of the volume of 
oxygen taken from the system is remarkably accurate. 
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Discussion of Results 

Curves II to VI inclusive give the results of the temperature and pressure 
measurements after the composition of the initial V2O6 sample had been 
altered. The curves II to VI were plotted from the data of Tables II to \l 
respectively. The pressures in experiment II, Table II are considerably 
lower than the pressures at corresponding temperatures in experiment I, 



600 850 1100 
T€,MR£RATUR€. 0£G^ CENT 

Fig. 2 

I. Pure VjOs (at beginning of Expt. i) 

11 . 95.5% V2O6 - 4.5% V2O4 (at begin, of Expt. 11 ) 

III . 92.71% V2O6 — 7.29% V2O4 (at begin, of Expt. III.) 

IV. 90.47% V2O6 — 9.53% V2O4 (at begin, of Expt. IV). 

V. 89.07% V2O5 — 10.93% V2O4 (at begin, of P^xpt. V). 

VI. 87.53% V2O5 - 12.47% V2O4 (at begin, of Expt. VI). 

Tables I and la. Similarly the pressures obtained at corresponding tem¬ 
peratures in experiments III to VI inclusive (after still more oxygen was 
removed) are lower than those of experiments I and II. The total oxygen 
removed in all of these experiments amounted to about 12.5 mol percent. 
This slight change in the composition had the effect of lowering the oxygen 
pressure from 176 mm. at 1125^0. in the first run to ii mm. at 1125%/. in the 
sixth run. 
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The curves in Figs. 3 and 4 show how the pressures changed with changes 
in composition for 25®C. temperature intervals from ii25°C. to 7oo®C. The 
pressure changes most rapidly with composition in the region between pure 
V2O6 and 95% V206~5% V2O4 as is shown by the slope of the isotherms in 
this region. Beyond this composition (95% V2O4) the pressure 

changes are not as pronounced but the tendency to decrease with decreasing 
V2O6 content still exists. 

The isobars at 125 mm. to 25 mm. intervals are plotted in Fig. 5. These 
curves show the variation of the temperature with the composition for con- 
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stant oxygen pressures. From the above results we can conclude that 
vanadium pentoxide on dissociation does not behave as a phase of constant 
composition. 

It is evident from the preceding results that V2O5 dissociates appreciably 
into V2O4 and O2 at temperatures only slightly above its melting point. 
Furthermore it is apparent that this dissociation is reversible provided the 
composition of the condensed phase remains unchanged. 

It is also of interest to note that the fused oxide presents a divariant sys¬ 
tem, in other words it is impossible to fix the dissociation pressure of pure V2O5 
except by an extrapolation of the curves in Fig. 3. This behavior is un¬ 
doubtedly due to the solution of V2O4 in the molten V2O6. 

According to Raoult’s Law for dilute solutions it is possible to calculate 
the fractional vapor pressure lowering provided the mol fraction of the 
solute is known. In this case (V2O6) the pressure-composition curves were 
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extrapolated in order to get the oxygen pressure of the pure V2O6. These 
values multiplied by various mol fractions should give the corresponding 
oxygen pressure lowerings at these compositions. However it was found that 
the oxygen pressure lowerings were widely different from the values that 
would be expected by Raoult’s Law. 

The point of interest however is the large effect on the dissociation pres¬ 
sure of small amounts of the lower oxide. It is suggested that this great 
change in oxygen pressure accompanying small changes in composition is 
closely associated with the catalytic behaviour of this material. 

In conclusion, the author welcomes this opportunity to express his ap¬ 
preciation to Dr. W. A. Patrick and to Dr. J. C. W. Frazer who suggested 
this work and under whose direction it was performed. 

Summaiy 

1. Vanadium pentoxide was shown to be unstable above its melting point. 

2. Oxygen pressures over different mixtures of vanadium pentoxide- 
vanadium tetroxide were measured at temperatures from 7oo°C.-ii2S°C. 

3. It was shown that decomposition pressures at definite constant tem¬ 
peratures depended upon the composition of the melt. Similarly, the de¬ 
composition temperatures at definite constant pressures also depended upon 
the composition of the melt. 

4. Oxygen pressures over melts containing practically 100% V^Os were 
shown to be very much greater than those in which the V204 content was 

or more. 

5. Raoult’s law of fractional vapor-pressure lowering does not hold for 
the system studied. 

6. Pressure-temperature, pressure-composition and temperature-com¬ 
position diagrams have been plotted. 



ELECTRICAL CONDUCTION IN TEXTILES. Ill 
Anomalous Properties of Conduction in Textiles 

BY E. J. MURPHY 

In previous papers the direct-current resistivity' and the alternating- 
current capacity and conductivity^ of textiles have been discussed. This 
paper deals with several phenomena which may be conveniently collected 
under the term “anomalous properties/^ since they deviate from the be¬ 
havior usually regarded as normal in conduction in ideal solid dielectrics. 
These phenomena will be discussed in three separate sections, the first of 
which deals with the dependence of insulation resistance on applied voltage, 
the second with the residual electromotive force which remains in a textile 
after the removal of the applied e.m.f., and the third with the changes which 
are made in the distribution of resistance in a textile by the passage of a 
current through it. 

These anomalous phenomena are the source of a large number of com¬ 
plicating factors in the inteipretation of electrical measurements on mois¬ 
ture absorbing materials. For example, since the apparent resistivity is a 
function of the applied voltage, it is possible that the value corresponding 
to some particular voltage represents more nearly the normal resistivity 
of the material than the values corresponding to other voltages. Also the 
existence of a residual e.m.f. suggests that part of the apparent resistivity 
may be due to a back-e.m.f. which reduces the effective e.m.f. over the con¬ 
duction paths, but on the other hand it is also possible that the residual 
e.m.f. is due to a dielectric polarization which docs not affect the direct- 
current resistivity. Further, since the passage of a current through a textile 
tends to change the distribution of its resistance, the current used for meas¬ 
uring the resistance of a sample may disturb the uniformity of distribution 
of its resistance sufficiently to make the observed resistance unsuitable for 
calculating the resistivity of the material. Therefore, in order to determine 
the nature of the apparent resistivity of textiles and othei' moisture-absorbing 
dielectrics and to define their true resistivity, a study of the anomalous phe¬ 
nomena enumerated in the first paragraph is necessary. Moreover, the 
explanations of several of the properties of alternating-current conduction 
in moisture-absorbing dielectrics involve these anomalous phenomena. 
For example, dielectric losses in alternating electric fields are usually at¬ 
tributed to the charging current by which the residual charge is formed, but 
have also been attributed to a conduction current which decreases rapidly 
with time of flow of the current, owing to an increase in the effective resistance 
of the dielectric. It has also been found in many cases that the power factor 
of moisture-absorbing dielectrics depends on the applied voltage. 

^ J. Phys. Chem., 32 , 1761 (1928). 

* J. Phys. Chem., 33 , 197 (1929). 
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The experimental investigation reported here consisted in meeusuring the 
insulation resistance of cotton samples of several different types as a function 
of applied voltage and humidity; in measuring the residual electromotive 
force in cotton at several humidities in order to determine how its main char¬ 
acteristics vary with humidity; and in determining the distribution of re¬ 
sistance in cotton threads and how it is affected by the passage of current 
through the thread. The experiments were confined to cotton, but the con¬ 
clusions are probably applicable in a general way to silk and wool and pos¬ 
sibly to other moisture-absorbing dielectrics. 

The most general conclusion reached is that the anomalous properties of 
conduction in textiles at humidities above 20-30% can be explained in terms 
of the properties of electrolytic cells if assumptions are made as to the prob¬ 
able effect of the distribution of the absorbed water in the solid dielectric. 
This conclusion is consistent with the conception of conduction in textiles 
which was proposed in the preceding paper,^ namely, that a textile material 
connecting two electrodes acts in many respects as an electrolytic cell in 
parallel with a condenser, and that the electrolytic cell component is chiefly 
responsible for the observed characteristics of the textile except at low 
humidities. Most of the conclusions apply only to humidities greater than 
20-30%, for the behavior at humidities lower than this was not very definitely 
determined in the present investigation. 

Variation of Insulation Resistance with Applied Voltage 
(The Evershed Effect) 

That the insulation resistance of moisture-absorbing dielectrics is a 
function of the applied voltage has been demonstrated by Evershed,® who 
also proposed a theory to account for it based upon the redistribution of the 
absorbed moisture by the electric field. The present investigation was under¬ 
taken chiefly to determine whether the insulation resistance-humidity 
relationships^ for cotton are similar or different for different applied voltages. 

The experimental procedure was described in the first paper of this series 
with the exception of the arrangements for varying the voltage. These 
consisted in a switch by which the voltage could be changed by a factor of 
10 and a potential divider by which it could be varied continuously from a 
fraction of a volt to 180 volts. The samples of cotton used were also described 
in the earlier paper. The chief difficulty in making the measurements was 
the increase of resistance with time of application of the voltage (called 
‘‘polarization^’ in the remainder of this paper). This is very rapid at high 
humidities, but was minimized by making the measurements by rapid meth¬ 
ods when necessary.^ Since the increases in resistance due to polarization are 
cumulative, errors due to this cause could be detected by making the meas¬ 
urements in a cycle such as: i, low-voltage measurement; 2, high-voltage 
measurement; 3, repetition of i. ‘ 

* S. Evershed: J. Inst. Elec. Eng., 52 , 51 (1914). 
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The error in the individual measurements has already been discussed;^ 
but, in comparing measurements made at different voltages with all other 
conditions constant, differences in resistance which are considerably smaller 
than the error in the individual measurements may be significant; differences 
of less than i% are probably significant in some cases. In the range 30-75% 
humidity the error in the ratios given in Table III probably does not exceed 
10%;, but outside this range it is probably greater. Because polarization is 
more rapid for the higher voltage than the lower, the values for the ratios 
in Table III may be about 20% too small at the highest humidity used, but 
this error decreases rapidly with decreasin g humidity and is probably negli¬ 
gible at 75% humidity. 

The characteristic form of the insula¬ 
tion resistance-applied voltage curve for 
cotton at humidities atove 20-30% is 
illustrated by Fig. 1. For applied voltages 
of less than i or 2 the insulation resistance 
is abnormally high as compared with its 
values at higluT voltages. This character¬ 
istic would 1 k‘ expect( 3 d if cotton conducts 
by the electrolysis of the aqueous solutions 
which it contains, for the resistance of an 
electrolytic cell is abnormally high for 
voltages of this order, i.e., less than de¬ 
composition potentials and over-voltages 
(cf. the current-voltage curve for elec¬ 
trolytic cells.'*) When an e.m.f. of about 
I volt or less is applied to a cotton in¬ 
sulation there is a relatively large initial 
current which rapidly falls to a small 
residual current; and when the applied e.m.f. is increased by a fraction of a 
volt this process is repeated but the residual current is larger. Tliis behavior is 
qualitatively the same as that of an electrolytic cell in the same range of volt¬ 
age. Thefomi of curve shown in Fig. i could be predicted, for voltages less than 
about 50, on the assumption that a piece of cotton joining two electrodes acts as 
an electrolytic cell which develops a back- e.m.f. of polarization of the order 


Table I 

Insulation Resistance v. Applied \"oltage 
Twisted Pairs II. Humidity 59%. Temp. 2S°C 


Applied Voltage 

Insulation Resistance 

AppUed Voltage 

Insulation Resistance 

0.2 

1018 megohms 

1.0 

120.5 

0.4 

352 

100.0 

73-5 

0.6 

293 

412. 

54-2 

0.8 

279 




‘ See, for example, Allmand: ‘Applied Electrochemistry,’* p. 112. 



Fig. I 

\'ariation with Voltage of the Insula- 
ion Resistance of (Cotton. Plotted from 
Table I. 
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of 2 volts. The above statements apply only to the humidity range above 
20-30%; at lower humidities they require modification to take account of 
the larger back electromotive forces (see next section). The small amount of 
data obtained at humidities lower than 25% indicate that in this range the 
insulation resistance also decreases with increasing applied voltage, though 
the back-e.m.f. may be due to causes other than electrolytic polarization. 
Table II shows that Ohm's law is obeyed in the range 4-40 volts when the 
calculation of the resistance is based on the effective e.m.f. obtained by 

subtracting the back-e.m.f. of polariza¬ 
tion from the applied voltage. However, 
since the back-e.m.f. of polarization in 
cotton at humidities above 20-30% ap¬ 
parently does not exceed 2 or 3 volts, it 
is able to produce a reduction of only 2 
or 3% in the effective e.m.f. when the 
applied voltage is 100 or more, and there¬ 
fore does not completely explain the de¬ 
crease of resistance with voltage for volt¬ 
ages higher than 100. 

Fig. 2 shows that the insulation re¬ 
sistance-relative humidity curves for ap¬ 
plied voltages of 40 and 400 are parallel 
within the possible experimental error. 
The curves for 100 volts for the same 
samples were given in a previous paper^ 
and would fall between those for 40 and 
400 volts and be approximately parallel 
to them, but have not been plotted to 
avoid crowding. Table III contains the 
data from which these curves were plotted 
and in addition data for other samples 
which differ only in containing a smaller amount of electrolytic material. 
These data show that the difference between the resistance at 40 volts and 
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RELATIVE HUMIDITY-PER CENT 

Fig. 2 

Comi)arison of Insulation Resistance- 
Relative Humidity Curves for Different 
Applied Voltages 

1. Cotton Threads I 

2. Twisted Pairs I (Cotton) 


Table II 

Effect of Polarization E.M.F. on Apparent (Insulation) Resistance. 
Humidity 98.6%. Temp. 2S°C 



Applied 

E.M.F. 

(volts) 

Residual 

Effective 

Apparent 

Corrected 


E.M.F. 

E.M.F. 

Resistance 

Resistance 

(megohms) 

Cotton Thread A 

5-4 

-1.4 

4.0 

II .0 

7-9 


41.4 

- 1.4 

40.0 

8.1 

7-9 

Cotton Thread B 

S -42 


4.12 

6.47 

4.7 


42.5 


41.2 

4.87 ^ 

4.7 


After the residual e.m.f. had been measured (see next section) the applied voltage was 
adjusted so that the effective e.m.f. in the second measurement was ten times that in the 
first. (The back e.m.f. of polarization should not be less than the residual e.m.f.) 
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that at 400 volts is less the greater the electrode separation and the smaller tlie 
amount of electrolytic material in the samples. The ratio of the resistance at 
40 volts to that at 400 volts appears to be approximately constant over the 
whole range of humidity, i.e., the variations in the ratio are small as compared 
with the change with humidity in the resistivity of the cotton. The curves in 
Fig. 2 indicate that in the range 20-80% humidity the insulation resistance of 
cotton samples may be expressed as a function of humidity and applied 
voltage by 

Logio R = — 8.5 X io“® H + A, 

where R is the insulation resistance in megohms, H the relative humidity in 
percent, and A a constant whose value depends on the applied voltage as 
well as on the dimensions of the sample, the amount of electrolytic material 
in the textile, the temperature and other factors. For example, for Twisted 
Pairs I, A has the value 7,2 at 40 volts, 7.0 at 100 volts and 6.9 at 400 volts. 

A large number of tests were made during this investigation to detennine 
whether an increase in voltage always produced a decrease in insulation re¬ 
sistance. When the influence of polarization was taken into account, no 
exceptions to this were found. At high humidities polarization was ex¬ 
tremely rapid, especially for 400 volts, and the initial decrease in resistance 
on applying the higher voltage was quickly effaced if the current was left on. 
Evershed considered that the resistance became independent of voltage when 
the moisture content of the samples was very high. The present results 
suggest that this finding was due to the error caused by polarization, although 
there may be a real decrease in the magnitude of the effect at high humidities. 

Table IV shows that the insulation resistance for a given voltage can be 
lowered temporarily by increasing the applied voltage momentarily to a 
higher value. This change in resistance is opposite to that which would 
be produced by polarization. 


Table IV 

After-Effect of the Application of a High Voltage 
Twisted Pairs I at 30% Humidity Twisted Pairs I at 70.8% Humidity 


Apphed 

Voltage 

Ins. 

Resistance 

Applied 

Voltage 

Ins. 

Resistance 

(megohms) 

(megohms) 

383 

2.95X10^ 

37-6 

8.90 

383- 

I-S 7 

376- 

4.7s 

38.3 

2.50 

37-6 

7.40 


The measurements were made in the above order. 


On the assumption that a textile connecting two electrodes acts as an 
electrolytic cell, the increase in the conductivity of textiles with increasing 
applied voltage can be partially explained by Wien^s® discovery that the con¬ 
ductivity of electrolytic solutions increases with increasing applied voltage, 
but the rate of increase does not appear large enough to explaip'^more than a 
small part of the Evershed effect. To explain the Wien effect Joos and Blu- 


* M. Wien: Ann. Physik, 83 , 327 (1927); Physik. Z., 28 , 834 (1927). 
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mentritt® have extended the Debye-Huckel theory of the effect of electro¬ 
static forces between free ions in solution, and have obtained agreements 
with the experimental data. Another indication of the nature of the Wien 
effect has been obtained by Gyemant,^ who found that while the conductivity 
in the direction of the applied field increases with voltage that normal to it 
is constant. His explanation of this phenomenon involves the association of 
ions to form ion-pairs. 

These theories of the Wien effect are based upon electrostatic forces 
between the ions in the solution. There are also electrostatic forces between 
a solid-liquid boundary and ions which are near it, and it seems possible that 
these forces would have an effect on the conductivity of the layer of elec¬ 
trolyte near a solid-liquid interface similar to that of the forces between the 
ions themselves on the conductivity of the bulk of the solution. Where the 
volume of electrolyte is large as compared with the area of the solid-liquid 
interface such an effect would not be important, but in textiles it is probable 
that the conducting water paths pemneate the textile material in such a way 
that the interfacial area would be large as compared with the volume of 
liquid. The ions adsorbed by the solid-liquid interface of the conducting 
water paths may therefore contribute appreciably to the conductivity of the 
textile, and the amount of this contribution may be an increasing function 
of the applied voltage. Evidence that adsorbed ions contribute to the con¬ 
ductivity of cellulose appears to be given by Briggs’** discovery that the sur¬ 
face conductivity of cellulose fibres immersed in water (i.e., the conductivity 
of the water near the solid-liquid boundary) is considerably higher than that 
of the bulk of the liquid. Data are not available to show how this surface 
conductivity varies with voltage. There appears however to be sufficient 
indirect evidence to warrant the suggestion that the Evershed effect may 
be partly caused by a modified Wien effect operating in the layer of elec¬ 
trolyte close to the solid-liquid interface of the conducting water paths of the 
textile, due to the forces of adsorption acting on the ions in this layer. The 
number of adsorbed ions moving in the conduction current, or their velocity, 
may vary with voltage in such a way as to make the conductivity of the 
textile increase with applied voltage. 

The experimentally determined relationships appear to be reasonably 
consistent with this explanation. The ratio of the resistances of a sample 
of cotton as measured at two different voltages remains fairly constant 
over nearly the whole range of humidity. This would be expected if the ratio 
of interfacial area to volume of water in the water paths does not change 
much with humidity, as appears probable. The magnitude of the Evershed 
effect increases with decreasing electrode separation, i.e., with increasing 
voltage gradient. This seems reasonable to expect if the adsorbed ions are 

® Joos and Blumentritt: Physik. Z., 28 , 836 (1927). 

’ A. Gyemant: Physik. Z., 29 , 289 (1928). 

«D. R. Briggs: J. Phys. Chem., 32 , 641 (1928). 
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distributed as a diffuse layer whose density diminishes gradually with dis¬ 
tance from the interface, as proposed by Gouy» to explain other facts. 

The property of increasing conductivity with increasing electric field 
strength appears to be a very common characteristic of electrolytic conduc¬ 
tion, for it occurs in electrolytic solutions, both aqueous and non-aqueous, in 
textiles and other moisture absorbing dielectrics and in other solid ^electrics 
such as glass.^**'^^ It seems possible that electrolytic polarization and elec¬ 
trostatic forces between ions are involved in all cases. 

The conclusion from the present investigation is that at low voltages the 
Evershed effect is due to the back-e.m.f. of electrolytic polarization, and that 
at voltages above about 40 the ions adsorbed by the solid-liquid interfaces 
of the conducting aqueous solutions in the textile may contribute to the 
increase of conductivity with voltage in a manner similar to the mutually 
attracting ions involved in theories of the Wien effect. No data were obtained 
which definitely show whether the redistribution of water in the electric field, 
as proposed by Evershed, is or is not also a factor. 

Residual Electromotive Forces in Cotton 

In common with other imperfect dielectrics cotton has the property of 
absorbing a residual charge, which causes a “residual e.m.f.” This residual 
e.m.f. or charge is an important effect for it is the main difficulty in defining 
and measuring the resistivity and capacity"' of such dielectrics and is also 
responsible for part of the power loss in alternating electric fields. It has been 
frequently investigated and many theories have been proposed to explain it,** 
such as inhomogeneity of the dielectric, viscous dielectric displacement or 
polarization, and electrolytic polarization or ionic space charge.**-*"*'* In 
the present investigation of cotton a few measurements were made which 
show the general way in which the characteristics of the residual e.m.f. vary 
with the moisture content of the cotton. The results lead to the conclusion 
that at humidities above 20-30% the residual e.m.f. in cotton is caused by 
the products of the electrolysis of the aqueous solutions which it contains; 
at humidities lower than this other factors may predominate. 

The method used for measuring the residual e.m.f. is essentially the same 
as that used by Richardson** in measuring the “internal e.m.f. of polariza¬ 
tion” in quartz. The measurements were made with the circuit sketched in 

• G. Gouy; Ann. Phys., 7 , 129 (1916). 

*» H. H. Poole: PM. Mag., 42 , 488 (1921). 

“ H. ScMler: Ann. Physik, 81 , 137 (1927). 

* This tenn is used loosely in these papers to mean the effective dielectric constant 
of the material, or a quantity proportional to it. 

‘‘These theories have been reviewed by E. R. v. Schweidler: Ann. Physik, 24 , 711 
(1907): L. Hartshorn: J. Inst. Elec. Eng., 64 , 1152 (1926); and J. B. Whitehead: J. Am. 
Inst. Elec. Eng., 45 , 515 (1926). 

** A. J(iff 4 : .^n. Physik, 72 , 481 (1923). 

“ S. Mikola: Z. Physik, 32 , 487 (7925). 

** H. Schiller: Ann. Ph3rsik, 81 , 32 (1926). 

** S. W. Richardson: Proc. Roy. Soc., 107 A, 102 (1925). 
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Fig. 3-B of the first paper of this series.^ The applied voltage could be varied 
continuously from a small fraction of a volt to about 180 volts; several other 
voltages up to 415 were also available. The residual e.m.f. tends to cause 
a galvanometer deflection in the opposite direction to that which the applied 
voltage would produce, and therefore when the applied voltage was greater 
than the residual e.m.f. the galvanometer was deflected in one direction 
and when less in the other. By adjusting the applied e.m.f. the deflection 
could be brought to zero, and the applied e.m.f., as read from the voltmeter, 
was then equal to the residual e.m.f. 

At high humidities the residual e.m.f. could be determined readily to a 
small fraction of a volt but at low humidities the precision was not as great 
owing to the high resistances of the samples. Another difficulty at low hu¬ 
midities was the disturbance of the steady galvanometer deflection by the 
transient currents which flowed through the capacities of the circuit whenever 
the applied voltage was changed as required by the method of measurement. 

To confirm the order of magnitude of the values obtained by this method 
some measurements were also made by a different method. An air condenser 
was charged by means of the residual e.m.f. and then discharged through a 
galvanometer. The circuit was calibrated by repeating this process after 
charging the condenser to known voltages. In charging the measuring con¬ 
denser the e.m.f. being measured may be appreciably reduced, unless main¬ 
tained by a large supply of energy, and measurements made by this method 
therefore only indicate that the residual e.m.f. is not less than the value 
which it indicates. 

If a voltage which has been applied to a short length of cotton thread 
exposed to a high humidity is removed and the thread connected to a gal¬ 
vanometer it is found that a current of the order of io“* ampere flows for 
several minutes, decreasing gradually with time. The rate of decrease is so 
slow that even after several hours or a day a current due to the residual e.m.f. 
in the cotton can be detected. The quantity of energy stored in the cotton 
appears to be too great to permit the explanation of this effect as a residual 
electrostatic charge. The rate of discharge also is slower than would be 
expected of an electrostatic charge in view of the relatively low resistance of 
the thread (less than its resistance when dry by a factor of 10® or more). 

No residual e.m.f.^s greater than about 2 volts have been observed at 
humidities above about 30%, even though voltages of the order of 400 were 
applied in some cases for several hours. This characteristic would be ex¬ 
pected if the residual e.m.f. is due to electrolysis of the aqueous solutions 
present in the textile. The chemical changes produced at the electrodes by 
electrolysis cause a difference of potential which opposes the applied e.m.f. 
These changes are of such a nature that in general they tend to remain after 
the applied e.m.f. is removed, producing a residual e.m.f. It is evident that 
residual electromotive forces of this kind should not exceed the back-e.m.f. of 
polarization; and since the magnitude of the back-e.m.f. of polarization is 
determined by decompositon potentials and over-voltages it would be ex- 
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pected that residual electromotive forces in cotton due to this cause would 
not exceed the order of magnitude of these quantities, i.e., about 2 or 3 volts. 

If the direction of a current through a cotton sample is reversed the 
residual e.m.f. produced by it reverses its sign during the discharging process, 
the first part of the discharge corresponding to the last current and the last 
part to the first current.” For example: an e.m.f. of 374 volts was applied 
for 4 minutes to a Cotton Thread sample at 70.8% relative humidity; this 
was followed by 100 volts applied for 2 minutes and finally by —100 volts 
applied for 2 minutes. The applied e.m.f. was then removed and the re¬ 
sultant residual e.m.f. varied with time in the following way: 

Time i 3 57 10 15 minutes 

Residual E.M.F. 150 40 10 i —3 —5 arbitrary units 

of deflection 

The galvanometer deflections for the first 7 minutes correspond to pre¬ 
dominance of the residual e.m.f. produced by —100 volts, and those for 10 
and 15 minutes to predominance of that produced by -f 100 and -I-374 volts. 
This effect was also observed at 19 . 5 % humidity by charging an air con¬ 
denser by means of the residual charge. It is a general property of dielec¬ 
trics which absorb a residual charge. While it may not be an electrol3riic 
effect in cotton at low humidities, it appears to be undoubtedly so at high 
humidities. The following is a possible explanation: Since the products of 
electrolysis presumably first make their appearance at the electrode sur¬ 
faces, it is probable that, when the current direction is reversed, the new 
products push the products of the first current away from the electrode as a 
layer, and that there are then at each electrode two layers of electrol3d;e of 
different chemical composition, the one layer being composed of anode 
products and the other of cathode products. The reason for the reversal 
of sign is evident if the residual e.m.f. is chiefly due to the difference in the 
chemical composition of the products formed at the anode and cathode re¬ 
spectively; if the process of discharge is the inverse of that of “charging,” 
the layers move up to the electrode surfaces and become discharged (in the 
sense of being made incapable on producing further current) in the inverse 
order to that in which they are formed. 

The characteristics of the residual e.m.f. in cotton at low humidities differ 
from those at high humidities, as is evident from Table V. Below about 
25 % humidity the residual e.m.f. becomes a function of the applied volt¬ 
age and attains values greater than 100 volts when the applied voltage is of 
the order of 400 volts. These characteristics are incompatible with the 
explanation which has been given for the residual e.m.f. at hig h humidities. 
They are the usual characteristics of dielectrics which absorb a residual 
charge. Thus at humidities above 20-30% a piece of cotton in contact with 
electrodes functions essentially as a secondary cell as regards its residual 
e.m.f. (i.e., the residual e.m.f. is due to the products of electrolysis), while 


Cf. J. Granier: Bull. Soc. frauQ. Elect., 3, 335 (1923). 
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Table V 

Residual E.M.F. in Cotton at Different Times after the Removal of an 
E.M.F. of 390 volts which had been applied for Two Minutes 
Twisted Pairs Threads 


Relative 


Residual 

Relative 


Residual 

Humidity, 

Time, 

E.M.F. 

Humidity 

Time, 

E.M.F 

Percent. 

Minutes 

in volts 

Percent. 

Minutes 

in volts 

2 

I 

>100 

IQ -5 

I 

0.0 

10 

I 

> 100 

30.0 

I 

0.0 


5 

100 





10 

<100 

59.0 

1/2 

1-7 





I 

1.0 

IQ-S 

I 

8.2 


5 

0.4 


5 

4-1 





8 

1.8 

76.0* 

I 

0.5 

59.0* 

I 

0.8 

98.6 

I 

0.75 


4 

0.7 


5 

0-55 


6 

0.6 





8 

0-5 





15 

0.45 




89.0 

I 

1.0 





* The applied voltage was 100 in these cases. 


at humidities below this it acts as a dielectric which absorbs a residual charge 
which is apparently electrostatic in nature. In the preceding paper it was 
shown that the alternating-current capacity and conductivity change with 
humidity in a similar way, i.e., that at humidities above 20-30% the textile 
acts chiefly as an electrolytic cell, but that at lower humidities the dielectric 
properties become more prominent. 

From the general properties of conduction in cotton it would be expected 
that the following factors would contribute to its residual charge at low 
humidities. The resistivity-moisture content relationship indicates that 
part of the energy should be stored in the same way as at high humidities. 
The residual charge may also be partly due to a regularly distributed capacity 
associated with the water paths in a way suggested in a previous paper- to 
account for other facts; i.e., electrostatic charges may be distributed through 
the textile due to its inhomogeneity and consequent non-uniformity of con¬ 
ductivity and dielectric constant, essentially in accordance with MaxwelPs 
theory of absorption in non-homogeneous dielectrics. The residual charge 
may also be due in part to a viscous dielectric polarization as in Pellat’s 
theory. It is also possible that there is a thin high resistance layer of large 
capacity at one or both of the electrodes due to polarization.*® 

Joff6 (loc. cit.) has shown that in some crystals almost the whole potential drop is 
concentrated over a very thin layer at one of the electrodes when current has flowed for 
some time. 
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At low humidities, where the residual e.m.f/s are large, their effect on 
the apparent resistance (the ratio of applied e.m.f. to current) can be made 
evident by any change in the applied e.m.f. The current through a cotton 
insulation appears to be determined by the algebraic i^m of the applied e.m.f. 
and the residual e.m.f. If the applied voltage is reduced there is an instan¬ 
taneous increase in apparent resistance followed by a slow decrease as the 
residual e.m.f, becomes reduced to the value corresponding to the lower 
voltage; if the applied e.m.f. is equal to the residual e.m.f. the apparent 
resistance is infinite. Increasing the applied voltage causes an instantaneous 
decrease in apparent resistance followed by a slow increase. Reversal has a 
similar effect: the apparent resistance is at first abnormally low but gradually 
increases as the residual e.m.f. decreases to zero and changes sign. 

In the range of humidities above about 30%, where cotton acts essen¬ 
tially as an electrolytic conductor, the true resistance of a cotton sample 
is given by R = (V — P)/I, where V is the applied e.m.f., P the e.m.f. of 
polarization (i.e. the initial value of the residual e.m.f.) and I the current. 
Since P is of the order of 2 volts and V usually over 100 this correction is 
small. However, at humidities where cotton acts as a dielectric which 
absorbs a residual charge, the value taken as the true resistance depends on 
which of the theories of the residual charge is adopted. When an e.m.f. is 
applied to a cotton sample at a low humidity (or to any other dielectric 
which absorbs a residual charge) the current decreases with time, and when 
the applied voltage is removed a residual e.m.f. remains. According to 
theories such as those of Maxwell, Pellat or v. Schweidler the initial current 
includes the anomalous, or residual charging current, and the fina-l steady 
current therefore is the normal conduction current which should be the basis 
of the calculation of the true resistivity. On the other hand, according to 
theories based upon ionic space charge or electrolytic polarization, the initial 
current (not including the normal charging current) is the normal conduction 
current which should be used for the calculation of the true resistivity; and 
the final current corresponds to an abnormal condition of the material due 
to the formation of a back-e.m.f. of polarization or to a change in the re¬ 
sistance of the sample. Joff6^^ has found that for certain materials a re¬ 
sistance defined by R = (V — P)/I obeys Ohm^s law and that the formation 
of the back-e.m.f. of polarization P is accompanied by a change from uniform 
to non-uniform distribution of potential in the dielectric. Sinjelnikoff and 
Walther'® define the true resistivity of a dielectric on the basis of the initial 
current and have obtained experimental support for this view. Richardson'® 
expresses the current in a dielectric by: 

i = dQ/dt + (V - P)/R, 

where dQ/dt is the rate at which charge is accumulating in the dielectric and 
(V—P)/R is the conduction current. His experiments on quartz ^ovide 
experimental support for this equation. In measuring the resistivity of 

Sinjelnikoff and Walther: Z. Physik, 40 , 786 (1927). 
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sulphur and other dielectrics Neumann^ has defined the resistivity on the 
basis of V. Schweidler’s theory of dielectric absorption, taking the final 
steady current as the basis for the calculation of the resistivity. Thus there 
appears to be no generally accepted definition of the true resistivity of a 
dielectric which absorbs a residual charge. 

The chief difficulty in defining the true resistivity of dielectrics which 
absorb a residual charge lies in the fact that it is difficult to distinguish be¬ 
tween a residual charging current and a conduction current which decreases 
with time. For example, the fact that the resistance of a sample of material 
obeys Ohm’s law does not necessarily imply that the observed resistance is 
based on the conduction current alone, for the residual charging current 
may be proportional to the applied e.m.f.^^ Further, though non-uniformity 
of the distribution of potential or resistance in the sample indicates that the 
observed resistance is unsuitable for calculating the resistivity of the ma¬ 
terial, uniformity of potential distribution does not exclude the possibility 
of the observed resistance being based partly on anomalous charging cur¬ 
rents, since the residual capacity may be uniformly distributed. Conse¬ 
quently, it does not seem possible to decide from available data whether the 
apparent resistivity of textiles at low humidities is or is not appreciably 
affected by residual charging currents. The definition of the true resistivity 
at humidities above 20-30^^ is, however, reasonably certain. 

Effect of Current on the Distribution of Resistance in Textiles 

It is a well-known fact that the resistance of a moisture absorbing dielec¬ 
tric changes with time while dii'ect current is flowing through it. This is of 
considerable importance in the measurement of the resistance of textiles, 
for their resistance may be changed by an appreciable amount in certain 
circumstances by the process of measuring it. Granier^- has found that the 
prolonged application of a direct voltage greatly increases the resistance of 
certain moisture absorbing materials. This also occurs in paper,-® trans¬ 
former oiF* ** and other dielectrics. The increase of resistance has frequently 
been attributed to the formation of a high contact resistance between the 
electrode and the insulating material, to drying of the anode region by the 
electrosmotic movement of water away from it, to drying by Joule heating, 
or to the formation of a back-e.m.f. in the material. In the present investi¬ 
gation measurements were made which show the resistance of the contact 
between an electrode and a cotton thread and the effect of current on the 
distribution of resistance in the thread. The results are not in agreement 
with the explanations mentioned above, but can apparently be explained 
by the probable effects of the products of electrolysis on the conductivity of 

*0 H. Neumann; Z. Phyaik, 45, 717 (1927). 

“ Cf. E, R. V. Schweidler; Footnote 12. 

” J. Granier: Bull. Soc. frang. Elect., 3, 480 (1923). 

^ Delon, Capdeville and Douchet: Bull. Soc. fran<j. Elect., 5, 842 (1925). 

** Schrader: Elec. J., 16 , 334 (1919)* 
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the aqueous solution through which conduction in the .textile takes place. 
The bearing of the results on electrical breakdown in moisture absorbing 
dielectrics is also briefly discussed. 

In order to determine whether the change in resistance takes place in 
the cotton itself, or is caused by the formation of a high resistance coating 
on the electrode surfaces, the following experiment was performed. The 
two ends of a cotton thread about 4 cm. long were clamped in electrodes A 
and B, Fig. 3A. The thread also made contact at its middle point with a 
cylindrical rod C which served as a common electrode; contact with C was 
maintained by a slight tension in the thread. The resistances AC, BC and AB 
were measured in the initial state; then an e.m.f. was applied for several hours 
between electrodes B and C, and the resistance measurements repeated. 
During this ^'polarizing’’* process C was made positive in some cases and 

negative in others. 

The results of these measurements 
are given in Table VI for brass elec¬ 
trodes and in Table VII for platinum 
electrodes. The difference between the 
resistance of the whole thread AB and 
the sum of the resistances of the sec¬ 
tions AC and BC, when divided by 
2, is the resistance of the contact of 
the thread with electrode C. These tables show that the resistance of the 
contact between a cotton thread and a brass or platinum electrode forms less 
than 3% of the total resistance of the thread under the conditions of these 
measurements. This is the case both before and after polarizing the thread, 
and both when the electrode was a cathode and when it was an anode during 
the polarizing. This result shows that the increase in resistance takes place 
in the thread itself rather than at its contact with the electrode. No current 
flowed in the AC section during the polarization of the BC section. It would 
therefore be expected that its resistance would be unaffected. However the 
data show that for brass electrodes the resistance of the AC section is more 
than doubled by a current flowing in the BC section when C is an anode, 
while it is slightly decreased when C is a cathode. This implies that the 
current increases the resistance of cotton in the region around a brass anode, 
and decreases it in the region around a brass cathode, the change produced 
in the cathode region being considerably smaller than in the anode region. 
This result is confirmed by the experiments which will be described next. 

To determine the distribution of resistance in a cotton thread both in its 
initial state and after current had flowed through it for some time, auxiliary 
electrodes (narrow bars covered with gold or platinum foil) were brought 
into contact with the thread at different points along its length (at "^he points 
B and C in Fig. 3B). The resistances of the sections of thread between each 
pair of electrodes were measured, thus eliminating algebraically the contact 

* The terms ^^electrolyzing’^ or “electrification” could be used instead of “polarizing.** 
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Fig. 3 

Arrangement of Auxiliary Electrodes. 
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resistances of the auxiliary electrodes. As a further confirmation of the 
validity of these measurements, the potential distribution in the thread was 
also measured. Two methods were used. In one of them an insulation re¬ 
sistance circuit was adapted to act as a potentiometer in a manner evident 
from Fig. 4A. When the galvanometer deflection is brought to zero by vary¬ 
ing the applied voltage with the potential-divider, the voltmeter reading is 

Table VI 

Resistance of the Contact between a Brass Electrode and a Cotton Thread 
in the Normal Condition and the Polarized Condition. (See Fig. 3A) 
Resistances in megohms. Humidity 88.4%. Temp. 2 5°C. 


Thread i 

Thread 2 

Thread 3 

Polar- 
Normal izedft 

Polar- 

Normal izedb 

Polar- Oppositely 
Normal izedb Polarized® 


Resistance of. 

A-B (whole thread) 

840 

2340 

78s 

8550 

577 

7180 

12700 

A~C section 

304 

300 

303 

870 

256 

624 

242 

C~B section 

492 

2130 

373 

7750 

318 

6420 

12700 

Sum 

796 

2430 

766 

8629 

574 

7544 

12942 

Resistance of 

Contact, Rc 

— 22 

45 


39 

- 1-5 

182 

121 

R« percent of A-B* 

— 2 . 

6 1.9 

— 1.2 

0.4 

— 2.6 

2. 

5 09 


a Polarized by applying 90 volts lietween B and C for 4 hours with C negative, 
b Polarized by applying 384 volts between B and (Hor 18 hours with C positive, 
c Polarized by reversing the direction of the applied e.m.f. (384 volts) lor 48 hours: C 
negative. 

* These contact resistances are all less than the experimental error (3%)- 

Table VII 

Resistance of the Contact between a Platinum Electrode and a Cotton Thread 
in the Normal, and in the Polarized Condition. 

The data are the resistances as a function of time of application of 370 volts 
between B and Fig. 3A. Resistances in megohms. Humidity 88.5% 

Temp. 2 5°C. 

Contact 


Section of Thread: 





Contact 

Resistance 



BC 

AC 

BC+AC 

AB 

Resistance 

percent 


Time 








0*, C anodic 

272 

437 

709 

726 

-8.5 

— I. I 


0, C cathodic 

274 

452 

726 

725 

0-5 

0.7 


30 min. C anodic 

336 

457 

793 

772 

10-5 

1.4 

3 h. 

30 min. ” 

1158 

447 

1605 

1562 

21-5 

1.4 

8 h. 

0 m. ” 

1980 

444 

2424 

2420 

2 

0.0 

10 h. 

ft 

2440 

437 

2877 

2920 

-21.5 

0.7 

23 h. 


4170 

414 

4584 

4650 

- 33 - 

0.7 

59 h- 

tf 

7500 

384 

7884 

7820 

32. 

0.4’' 


* These resistances are for the thread in its normal condition, 
ft These contact resistances are all within the experimental error. 
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equal to the potential difiference between the points where the auxiliary 
electrodes touch the thread. The essentials of the second method are evident 
from Fig. 4B: an air condenser was charged to the potential of different 
points on the thread through the auxiliary electrodes, and then discharged 
through a galvanometer. Calibrations were made by charging the condenser 

to known voltages. It was found that 
these three methods indicated the same 
distribution of resistance. 

The resistance of a cotton thread is 
approximately uniformly distributed 
along its length in its normal condition, 
but after a current has passed through 
it for a time depending on the intensity 
of the current, the humidity, and 
possibly other factors the resistance 
becomes non-uniformly distributed, as 
is shown in Table VIII for brass 
electrodes and in Table IX for platinum 
electrodes. Comparison of the data in 
these two tables shows that the 
distribution of resistance after pro¬ 
longed polarization (i.e. electrification) 
depends on the nature of the electrode 
material. Table VIII shows that for 
brass electrodes the resistance of the 
whole thread is increased by a large 
factor by polarization and most of the 
resistance is concentrated in the anode 
section. By reversing the direction of the polarizing current the high resis¬ 
tance region can be transferred from one end of the thread to the other; the 
resistance of the CD section was 41 megohms when D was cathodic and 31,200 
megohms when it was anodic. For platinum electrodes the high resistance 
portion appears in the middle of the thread. 

The distribution of resistance which results when cotton is polarized 
with platinum electrodes would be expected to differ from that obtained 
with brass electrodes because different electrode reactions are involved and 
consequently the effect of the products of electrolysis on the conductivity 
of the aqueous solutions in the cotton would be different in the two cases. 
Another evidence of the. effect of the difference in electrode reactions is given 
by measurements of tensile strength. When cotton threads are polarized for 
a day or so with platinum electrodes the tensile strength in the anode region 
is reduced by about one-half, while a similar polarization with copper elec¬ 
trodes produces no apparent change in tensile strength. The reduction in ten¬ 
sile strength is probably due to the formation of an appreciable amount of 
acid at the anode as one of the products of electrolysis; this might tend to pre¬ 
vent the resistance of the anode region of the thread from becoming very high. 



B 


Fig. 4 

Methods of determining the Potential 
Distribution in Cotton Threads. 

V—Voltmeter 
T—Thread 
G—Galvanometer 
S—Standard Megohm 
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The data given in Tables VI to IX are in disagreement with some of the 
explanations frequently offered for the increase in the resistance of moisture¬ 
absorbing dielectrics with time of application of a constant voltage. It 
has been shown that the resistance of the contact between the textile and the 
electrode is only a very small fraction of the total resistance of the textile 
even after current has passed through the textile for some hours. This 
excludes the possibility of explaining the phenomenon as an increased re- 

Table VIII 

Distribution of Resistance in a Cotton Thread polarized with Brass 

Electrodes: 

Effect of Reversing Polarizing Current 


Humidity 88.4^. Temp. 2 5®C. Polarizing Voltage 380. Resistance 

in Megohms 


Section of Thread 
(See Fig. 3B) 

AB 

BC 

CD 

AD 

Initial condition 

(Potential distribution uniform) 

116 

Polarized with A anodic 

11,800 

— 

41 

13,600 

(i8 hours at 380 volts) 
Polarized with A cathodic 

1,580 



2,710 

(2 hours at —380 v.) 
Polarized with A cathodic 

1,370 

2,140 

31,200 

35,200 

(46 hours more at —380 v.) 

Table IX 





Distribution of Resistance in a Cotton Thread as a Function of Time of 
Polarization with Platinum Electrodes; Time of Recovery. Humidity 
88.5%. Temperature 2s°C. Resistance in megohms. Polar¬ 
izing Voltage 370. A is the anode and D the cathode. 


Section of Thread 
(See Fig. 3B) AB 

BC 

CD 

AB-fBC+CD AD 

Difference 

Time of Polarization 






0 

35-8 

63 5 

32.6 

131-9*^ 

174 

-42 

I h. 

0 m. 363.0 

178.0 

377-0 

918. 

893 

25 

3 

30 457 - 

1343 - 

201.0 

2001. 

1990 

10 

5 

30 400.0 

1955 - 

86.0 

2441. 

2400 

41 

18 

0 425- 

2880 

961. 

4266. 

4280 

—12 

54. 

0 742. 

4500. 

1970. 

7212. 

7180 

32 

Time of Recovery 






4 

0 m. 584. 

3355 - 

767. 

4706. 

4770 

-64 

6 

0 490 

2920. 

00 

3892. 

3920 

-28'^ 


» This differs from AD by an amount which is greater than the experimental error, 
probably because of the Evershed voltage effect. 

*> These differences are within the experimental error. They indicate that the contact 
resistance at the electrodes did not cause errors. 
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sistance of the contact between the electrode and the textile unless the con¬ 
ditions are quite different from those of the present investigation. The pos¬ 
sibility of the phenomenon being due to drying of the anode region by the 
electrosmotic movement of water away from it, or to drying of the thread 
as a whole by Joule heating appears also to be excluded. For it is shown 
in Table IX that a polarized thread still has a non-uniform resistance dis¬ 
tribution even after it has had ample time to return to the same temperature 
and moisture content that it had before being polarized. The fact that the 
resistance distribution depends on the electrode material is also in disagree¬ 
ment with the drying hypothesis. A polarized thread has approximately 
the same resistance for both directions of current flow; this would not be the 
case if the increase in resistance were caused by a back-e.m.f.; however 
this statement only applies to humidities above 20-30%. It is concluded 
therefore that none of these explanations is in agreement with the present 
experimental data. These results, however, app)ear to be consistent with the 
following mechanism: The passage of a current through the aqueous solutions 
in a textile is accompanied by electrode reactions which change the com¬ 
position, and hence in general the conductivity of the solutions; the con¬ 
ductivity of the solutions determines that of the textile when other factors 
are constant. Owing to the possibility that the rate of diffusion of ionizable 
substances in a textile may be very slow on account of the manner in which 
the water is distributed, differences in the conductivity of the solutions in 
different parts of the textile may persist for some time; this would explain 
the persistence of a non-uniform distribution of resistance in textiles for many 
hours after the removal of the voltage by which it was produced. 

The mechanism outlined above also affords a possible explanation of 
the changes in resistance which follow the reversal of the direction of a current 
flowing in a textile which is exposed to a high humidity. These changes are 
sometimes very complicated, particularly when the current direction has 
been reversed several times, but in most cases they fall into two classes: 
the resistance decreases and passes through a minimum, or it rises instantly 
to a value two or three times as great as the original value and then gradually 
falls. An illustration of the first type of behavior is given by the following 
figures, which are for the resistance at 50 volts of a Twisted Pair sample at 
98.6% humidity; the current direction was reversed at time o: 

Time: o 10 20 30 40 100 seconds 

Resistance: .46 .36 .35 .40 .42 .50 megohms 

If reversing the current creates two electrolyte layers of different composi¬ 
tion at each electrode (as already suggested to explain the reversal of the 
residual e.m.f. at high humidities), the one being of anodic products and the 
other of cathodic products, and if, as indicated by the data given in this 
section, the anodic layer is of high resistance (for brass electrodes), two 
possible effects would be expected. If the anodic and cathodic products do 
not mix up for some time, the resistance of the cotton would be increased 
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because of the presence of a high resistance layer at both electrodes instead 
of only one. On the other hand, if they mix quickly and neutralize each 
other^s effects, the resistance would be expected to pass through a minimum. 
The first type of behavior would explain the sudden increase in resistance 
sometimes observed after reversing the current direction in a textile, while 
the second would explain the behavior illustrated by the above figures. 

The rate of increase of the resistance of cotton with time of application 
of a constant voltage varies between wide limits. In general, any factor 
which increases the current density in the cotton also tends to increase the 



Fig. 5 

Variation of Insulation Resistance with Time of Application of 275 volts. The sample 
is a cotton thread. Humidity—92.6Vr. 

rate of change of resistance with time: the rate is greater the higher the 
applied e.m.f.; it increases rapidly with humidity (at least for high humidi¬ 
ties) ; it is greater for samples of small electrode separation than for those of 
large electrode separation; and it is less the smaller the amount of electrol}i;ic 
material in the cotton. An example is given by Fig. 5 of the rate of change 
under conditions where polarization is neither very slow nor very rapid. At 
humidities of the order of 100^) the rate of change of resistance may be so 
rapid in some cases that an increase by a factor of 10 or more may take place 
in a few seconds. On the other hand, no detectable change takes place in 1 
or 2 minutes in the range 20-70% humidity for Twisted Pair samples or in 
the range 10-85% for Thread samples. The apparent resistance again in¬ 
creases with appreciable rapidity at humidities below 10 and 20%; this 
increase is associated with the formation of large residual e.m.f.'s, as dis¬ 
cussed in the preceding section. 

When a galvanometer of long period is used for insulation resistance 
measurements the resistance must be based on the value of the current at a 
standard time of the order of one minute after the application of the voltage. 
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Where polarization is rapid the values so obtained represent the resistance 
of the textile when it is in a “polarized” condition, i.e., when its resistance is 
non-uniformly distributed. At humidities above 75 to 95% (for cotton) 
this “polarized resistance” may differ considerably from the normal re¬ 
sistance, i.e., the value obtained when the distribution of resistance in the 
textile is uniform. 

The polarized resistance of a textile sample varies with the applied voltage 
in a different way from the normal resistance because its value depends on 
the amount of polarization which takes place while the voltage is applied 
and this increases as the voltage is increased. Fig. 6 shows that the re¬ 
sistance corresponding to application of the voltage for a standard time of i 
minute passes through a minimum as the applied voltage is increased. The 

decreasing branch of the curve is the 
normal voltage effect and is due to the 
back-e.m.f. of polarization. The increas¬ 
ing branch is due to the formation 
of a high resistance layer at the anode 
at a rate which increases with the 
voltage. The normal resistance of these 
samples would give a curve without 
a minimum (cf. Fig. i). 

At humidities between 98 and 
100% the resistance of cotton samples 
of small electrode separation increases 
very rapidly with time of application 
of the voltage, and the resistance cor¬ 
responding to application of the voltage 
for 30 seconds or more may increase 
more rapidly than the applied voltage. 
An example of this is given in Table X. On increasing the applied voltage 
from 10 to 412 the current through the cotton, as measured by a galvanometer 
of 30 seconds period, decreased slightly instead of increasing by a factor of 
41.2. This indicates that the resistance of the cotton had increased by a 
factor of over 40 in less than 30 seconds. The change of resistance with time 
was too rapid to be observed with the galvanometer, but could be observed 
when the measurements were made with a milliammeter, or when the rate 
of polarization was reduced by using a sample of greater electrode separation. 
Under these extreme conditions it appears that a final constant resistance 
corresponding to equilibrium between the polarizing and depolarizing 
processes is reached in a few seconds. Reversing the direction of the applied 
voltage changed the final polarized resistance by less than 3%. The final 
value of the polarized resistance corresponding to a given voltage appears 
under these conditions to be almost independent of the magnitude or direction 
of previously applied voltages. Somewhat similar behavior is observed in 



Fig. 6 

^‘Polarized'' Resistance of Cotton as a 
Function of Applied Voltage. The data 
are for a twisted pair of low electrolyte 
content. Humidity—89%. 
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electrolytic cells with valve metals as electrodes and is attributed to the 
rapid formation of a high resistance layer at one of the electrodes.^ 

The voltage at which breakdown of an insulating material takes place 
may be regarded perhaps as one of the characteristics of electrical con¬ 
duction in the material. The possible bearing of the present results on the 
electrical breakdown of moisture-absorbing insulations will therefore be 
briefly indicated. It has been shown that the passage of a current through a 
textile tends to produce a non-uniform distribution of its resistance. This 
results in a non-uniform potential gradient, and in some circumstances prac¬ 
tically the whole potential drop may be concentrated over a thin layer at 
one electrode. As the voltage is increased this layer would break down first. 
Schiller^® has suggested that, in dielectrics in which such a concentration 
of potential drop takes place, breakdown may be due to the formation and 
breakdown of such layers, so that with each layer the breakdown penetrates 
further into the dielectric. Schwaiger^ has found that the breakdown voltage 
of paper, which has electrical properties similar to those of cotton, is a de¬ 
creasing function of humidity. From the above considerations it appears 
that this might be explained by the fact that the rate of polarization increases 
with increasing humidity. The breakdown voltage might then be more 
characteristic of the rate of polarization than of the material as a whole. 
Further, it has been shown that gaseous ionization plays a considerable part 
in the electrical breakdown of some solid dielectrics.^® And since some of 

Table X 

Current and Resistance as a Function of Applied Voltage where Polarization 

is very Rapid 

The data are for a cotton thread .5 cm. long between Pt electrodes. 



Humidity 98.6%. Temp. 2S°C. 

Applied Voltage 

Current, microamps. X lo® 

Ins. Resistance megohms 
after i min. electrification 

.05 

1*73 

29 (increasing) 

. 10 

4.7 

21.3 

.20 

1.94X10 

10-3 

10.0 

3.34X10’ 

30 

412.0 

3.26X10® 

126.5 

100.0 

9.50X10’ 

10.5 

So.o 

10.2X10’ 

4.9 

12.s 

3.38X10® 

3*7 

6.0 

1.72X10® 

3*14 

xo.o 

3.03X10* 

3-3 

275.0 

4.37X10® 

63.0 


These measurements were made with a galvanometer of 30 seconds period and in the 
above order. 

“ Cf., for exanmle, de Bniyne and Sanderson: Trans. Faraday Soc., 23 , 50 (1927). 

H. Schiller: Z. techn. Physik, 6, 588 (1925); Ann. Physik, 81 , 79 (1926). 

A. Schwaiger: Archiv Electrotech. ^ 332 (1915). 

J. B. Whitehead: J. Am. Inst. El. Eng., 42 , Dec. (1923). 
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the products of the electrolysis of the water present in hygroscopic insulating 
materials must be gaseous, gas bubbles would tend to form on the electrode 
surfaces; this might facilitate electrical breakdown. 

Discussion 

As mentioned earlier, the anomalous phenomena which have been de¬ 
scribed tend to complicate the interpretation of resistance measurements on 
textiles and other moisture-absorbing dielectrics. The conclusions which 
may be drawn from the present results regarding the interpretation of re¬ 
sistance measurements on textiles are briefly as follows: The current used 
in measuring the resistance may produce a non-uniform distribution of 
resistance in the textile, accompanied by an increase in the total resistance. 
The tendency for this to take place is greater the higher the humidity, the 
smaller the electrode separation, the higher the applied voltage and the 
longer the time for which it is applied. Changes produced by the current 
in the resistance of the textile can be detected by determining the resistance 
or potential distribution by means of probe electrodes, or by determining 
the resistance as a function of applied voltage and time of its application; 
since the normal effect of an increase in voltage appears to be to reduce the 
resistance, an increase in resistance with voltage indicates that the resistance 
of the textile is being changed by the current. The residual e.m.f. can be 
measured and the observed resistance corrected for it. The error due to the 
back-e.m.f. of electrolytic polarization (the initial value of the residual e.m.f.) 
decreases as the applied voltage is increased. However, since the conduc¬ 
tivity of the textile itself apparently increases with increasing voltage, the 
resistivity at high voltages may correspond to a somewhat abnormal con¬ 
dition of the textile due to the effects of the electrical stress, and the resistance 
at some intermediate voltage would be more representative of the normal 
condition of the material. 

The above considerations apply to humidities above 20-30% for cotton; 
at lower humidities the residual e.m.f. causes an increase or decrease of ap¬ 
preciable magnitude in the current through the cotton depending on whether 
it is in the same, or opposite direction to the applied voltage, and therefore 
affects the apparent resistivity in corresponding senses. But on account 
of the diflSculty of distinguishing between a conduction current which de¬ 
creases with time, owing to an increase in the resistance of the material, and 
a residual charging current which also decreases with time, the true resistivity 
of a material such as cotton cannot be calculated at humidities below 20-30% 
on the basis of available data. 

In previous papers the characteristics of the d.c. resistivity and’ a.c. 
capacity and conductivity of textiles were explained in terms of a mechanism 
consisting of a conducting aqueous solution distributed in a solid dielectric 
in such a way that the internal structure of the solid determines the geometric 
form of the conducting water-paths but is not otherwise involved in the con- 
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duction process except as regards the dielectric displacement current. The 
phenomena described in this paper have also been explained in terms of this 
mechanism J)y making the additional assumptions that the distribution of 
water in the solid dielectric would tend to make the adsorption of ions at the 
interface between the aqueous electrolyte and the solid dielectric an appre¬ 
ciable factor in conduction; that the conductivity of the layer of electroljrte 
in which adsorption forces are effective may increase with increasing applied 
voltage due to liberation of ions or to a modified Wien effect; and that con¬ 
centration differences in different parts of the electrolyte may persist longer 
after the removal of the applied voltage than would be the case in ordinary 
electrolytic cells, because of the geometric form of the conduction paths in a 
textile. 

Summary 

In the investigation of the Evershed effect in cotton the following results 
were obtained: The insulation resistance is a decreasing function of the applied 
voltage under all conditions. The ratio of the resistances corresponding to 
any two voltages, such as 40 and 400, is approximately constant over nearly 
the whole range of humidity, though the resistances themselves varied by a 
factor greater than 10®. The ratio of the resistance at 40 volts to that at 400 
volts is greater the smaller the electrode separation; it is decreased by a 
small amount if the amount of electrolytic material in the cotton is reduced. 
At low voltages the current-voltage curve for cotton closely resembles that 
of an electrolytic cell; and it is concluded that for voltages lower than about 
40 the decrease of insulation resistance with increasing voltage is caused 
by the presence of a back-e.m.f. of electrolytic polarization in the textile. 
It is suggested that for voltages greater than about 40 the decrease of re¬ 
sistance with increasing voltage may be largely explained by consideration 
of the ions adsorbed by the cellulose-water interface in the aqueous con¬ 
ducting paths in cotton; these ions may make a greater contribution to the 
conductivity the higher the applied voltage due perhaps to a modified Wien 
effect. These results are more complete than those upon which Evershed’s 
original interpretation of the effect was based and do not appear to lend 
support to his interpretation. 

The residual e.in.f. which remains in cotton after the removal of an 
external e.m.f. was measured at several humidities. It was found that its 
characteristics vary considerably with humidity; at high humidities the ob¬ 
served residual e.m.f.^s do not exceed the order of magnitude of decompo¬ 
sition potentials and overvoltages but at humidities lower than 20-30% they 
are dependent upon the voltages by which they were produced. These results 
are interpreted as meaning that at high humidities the residual e.m.f. is due 
to the back e.m.f. of polarization caused by the electrolysis of the aqueous 
solutions which form the conducting paths in the textile, while at humidities 
below 20-30% it may be largely due to an anomalous dielectric polarization, 
though part of its energy should be due to the same cause as at high hu¬ 
midities. 



532 


B. J. MUBPHY 


In general the passage of a current through a textile tends to increase its 
resistance. The rate of change is rapid above 70-80% humidity but slow 
between 20% and 70% for cotton. The increase of resistance takes place 
in the textile itself, not at the contact between it and the electrode. The 
current tends to cause a non-uniform distribution of the resistance of the 
textile. The distribution depends on the nature of the electrode material; 
for brass electrodes it becomes concentrated in the anode region, while for 
platinum electrodes the largest resistance occurs in the middle. This non- 
uniform distribution may remain for many hours after the removal of the 
applied voltage. These facts are in disagreement with some of the explana¬ 
tions which have been given for the increase of resistance with time of appli¬ 
cation of voltage, but can be explained by the effects of the products of elec¬ 
trolysis on the conductivity of the aqueous solutions through which con¬ 
duction on the textile takes place. The fact that almost the whole potential 
drop in a textile may become concentrated over a relatively thin layer at the 
electrode is considered to be of possible significance in the determination of 
the electrical breakdown voltage of moisture absorbing materials. 

The bearing of the results on the measurement of the resistivity of textiles 
and other moisture absorbing materials is discussed. 

The general conclusion from the results is that the anomalous properties 
of conduction in textiles can be explained in terms of essentially the same 
mechanism by which the characteristics of the d.c. resistivity and a.c. ca¬ 
pacity and conductivity were explained in previous papers, namely, that at 
humidities above 20-30% (for cotton) a textile acts as an electrolytic cell 
whose characteristics are somewhat modified by the distributicn of the elec¬ 
trolyte in the interior of a solid dielectric. 

In concluding the author wishes to thank Dr, H. H. Lowry, who has en¬ 
couraged him throughout this work and contributed many valuable sug¬ 
gestions. 

Telephone Lahoratoriea, 

New York. 



THE DECOMPOSITION OF TRIPHENYLACETIC ACID BY 
SULPHURIC ACID* 

BY HARRY R. DITTMAR** 

Triphenylacetic acid was observed by Bistrzycki and Reintke^ to decom¬ 
pose quantitatively into carbon monoxide and triphenyl-carbinol when dis¬ 
solved in concentrated sulphuric acid. The sulphuric acid after the decompo¬ 
sition was orange-yellow in color, due to the triphenylcarbinol which remained 
dissolved and which was precipitated as a white solid upon diluting the acid 
with water. The reaction can be represented by the following equation: 

(C6H6)3C COOH (C 6 H 5 ) 3 C 0 H + CO 

A study of this reaction was undertaken in order to compare this decompo¬ 
sition with others involving the action of sulphuric acid which had been in¬ 
vestigated and explained b}’^ considering the sulphuric acid as a dehydrating 
agent only. Bredig and Lichty-® quantitatively studied the decomposition 
of oxalic acid by sulphuric acid, and concluded that the reaction was essen¬ 
tially one of dehydration. Schierz^, after investigating the action of sulphuric 
acid on formic acid, reached the same conclusion in regard to the mechanism 
of the reaction. The action of sulphuric acid on malic acid was studied by 
Whitford® who concluded from his observations that the sulphuric acid did 
not function by merely extracting water from the malic acid and suggested a 
more complex reaction mechanism based upon the formation of a hypothetical 
intermediate compound between the two reactants. 

The decomposition of triphenylacetic acid by sulphuric acid although 
similar to the decomposition of oxalic, malic, and formic acids, could not 
possibly be connected with the dehydrating property of sulphuric acid because 
water is not a product of the reaction. A study of this reaction was under¬ 
taken with the object of discovering the mechanism of the decomposition, 
and from a comparison with the action of sulphuric acid on oxalic, formic, 
and malic acids, to show whether these latter reactions were dependent upon 
the dehydrating property of sulphuric acid or whether the sulphuric acid 
functioned in a different capacity. 

* This communication is an abstract of the thesis submitted to the Graduate School of 
the University of Wisconsin by Harry R. Dittmar in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, This investigation was conducted under the 
supervision of Professor J. H. Walton. 

** Contribution from the Laboratory of General Chemistry, University of Wisconsin, 

^ Bistrzycki and Reintke: Ber., 38 , 839 (1905). 

* Bredig and Lichty: Z. Elektrochemie, 12, 450 (1906). 

*Lichty: J. Phys. Chem., 11, 225 (1907). 

* Schierz: J. Am. Chem. Soc., 45 , 447 (1923). 

® Whitford: J. Am. Chem. Soc., 47 , 953 (1925). 
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Experimental 

Preparation and Purification of Materials. 

Triphenylacetic Acid. The triphenylacetic acid was prepared by the 
method of Schmidlin® which involves the action of carbon dioxide on an 
ethereal solution of the organo-magnesium halide formed from magnedom 
and triphenylchlormethane. The product, which was recrystallized twice 
from glacial acetic acid, melted with decomposition at 264® (uncorreeted). 
The triphenylchlormethane used in this ^nthesis was prepared by the 
Friedel and Craft’s synthesis from benzene and carbon tetrachloride^ 

Sulphuric Add. The hundred per cent sulphuric acid was prepared by 
adding C.P. ninety-five per cent sulphuric acid to a given quantity of fuming 
sulphuric acid until the resulting solution melted at 10.41°. This melting 
point agreed well with the values obtained by other investigators. A chemical 
analysis was also made. Samples weighed by means of a weighing pipdite 
were dissolved in water and precipitated as barium sulphate. The results of 
two determinations gave values of 100.08 and 100.15%. 

Sodiumtriphenylacetate. The sodium salt of triphenylacetic acid has not 
been described although Elbs and Tolle* and Gyr* in their study of triphenyl¬ 
acetic acid mentioned the preparation of the ammoniiun and potassium salts. 
The sodium triphenylacetate was prepared by dissolving the acid in dilute 
sodium hydroxide, and evaporating the solution until white crystals began to 
appear. The solution was allowed to cool, after which the compound was 
filtered and carefully washed and dried. When so prepared, the compound 
was obtained in small, white needle-like hydrated crystals. Upon analysis 
the per cent of water was found to be 5.48 per cent and 5.39 per cent whereas 
the theoretical amount of water in the monohydrate is 5.49 per cent. The 
sodium was determined by dissolving a weighed sample in water, and pre¬ 
cipitating the free triphenylacetic acid by acidifying the solution with sul¬ 
phuric acid. The triphenylacetic acid was identified by its melting point of 
264°. The filtrate which contained sodium sulphate was evaporated in a 
weighed two inch porcelain crucible, and fumed several times with sulphuric 
acid after which the crucible was dried at a dull red heat to constant weight. 
The per cent of sodium in two samples was found to be 7.16 and 7.19 per cent. 
The theoretical per cent of sodium in the monohydrate of sodium triphenyl¬ 
acetate is 7.01 per cent. From these results the formula was concluded to be 
(C6Hs),CC00Na.H20. 

The salt was somewhat efilorescent. If the solution of triphenylacetic 
acid in sodium hydroxide was allowed to evaporate very slowly over the 
course of several days, beautiful, transparent, plate-like crystals separated 
from the solution. They were extremely efflorescent and from some prelim¬ 
inary experiments, appeared to be a higher hydrate. 

• Schmidlin: Ber., 39 , 634 (1906). 

^Gomberg: Ber., 33 , 3147 (1900). 

• Elbs and Tolle: J. prakt. Chem., 32 , 622 (1885). 

• Gyr: Ber., 41 , 4308 (1908). 



DECOMPOSITION OF TRIPHENYLACETIC ACID 535 

^riphenylcarbinoL The triphenylcarbinol was prepared by hydrolyzing 
triphenylchlormethane by boiling it with water for ten hours under a reflux 
condenser. The triphenylchlormethane was prepared as described previously. 
The triphenylcarbinol so obtained melted at 162° (164.2° corrected). 

Acetic Acid. The glacial acetic acid was rccrystallized several times after 
idlidh it was fractionally distilled. The fraction boiling between 116.9°-! 17.5° 
{745.5 mm) was used. This acid melted at 16.45°. 

Phosphoric Add. A solid preparation of orthophosphoric acid was used 
whid^ contained less than one per cent of moisture. 

Phenol. Phenol of C.P. quality which melted at 40° was employed. 

Acetone. Acetone was fractionated several times. The fraction boiling 
between 56° and 56.6° (738 mm) was taken. 

The other substances were the purest obtainable from reliable sources. 
The materials were carefully protected from moisture at all times. The p- 
cresol which was used was labeled ‘^practicar\ 

Apparatus and Method of Procedure 

The rate at which the triphcnylacetic acid was decomposed by sulphuric 
acid was followed by measuring the volume of carbon monoxide which was 
evolved in various time intervals. The decompositions were made in twenty- 
five cc Pyrex round bottom flasks of st)ecial design which were supported in a 
mechanical agitator. Both the reaction flasks and the agitator w^ere of the 
type designed by Walton.'® The reaction flasks were connected by means of 
capillary glass tubing to glass burettes of 10 cc. capacity. Since the water in 
the burettes was saturated with carbon monoxide, it was not necessary to 
apply a correction to the observed volume of gas. 

In the decompositions the sulphuric acid was placed in the reaction flask 
while the triphenylacetic acid was contained in a small glass capsule supported 
in the neck of the reaction flask which could be allowed to fall into the reac¬ 
tion mixture at any desired time. In order to obtain very efficient stirring 
and consequently prevent supersaturation, small beads made from a glass 
rod were also added to the reaction flask. 

In the first attempts to study the decomposition, triphenylacetic acid was 
added to the sulphuric acid, but in cases where the sulphuric acid was more 
dilute than ninety-five per cent, the triphenylacetic acid was not wet by the 
former acid. This led to the use of sodium triphenylacetate which was readily 
wet by the sulphuric acid. In the quantitative decompositions, a seventy 
milligram sample of sodium triphenylacetate was moistened with 0.3 cc of 
90.38% sulphuric acid, which insured a more rapid solubility of the compound. 
The acid which was used to moisten the compound was so dilute that no 
decomposition resulted from its use. This amount (0.3 cc) of 90.38% sul¬ 
phuric acid was considered in calculations for the dilution of the one hundred 
per cent sulphuric acid. 

In preparing dilute solutions of sulphuric acid of definite concentrations, 
a predetermined weight of one hundred per cent acid was diluted with a 


Walton: Z. physik. Chem., 47 , 185 (1904). 
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calculated weight of 90.38% sulphuric acid. Solutions of anhydrous sodUam 
and potassium sulphates in one hundred per cent sulphuric acid were made by 
adding calculated weights of the sulphates to sixty cc. glass-stoppered botthM 
into which were weighed definite quantities of one hundred per cent suljduirio 
acid. The bottles were then tightly sealed and kept at a temperature of 
to seventy degrees until the sulphates had dissolved, which usually recjpikod 
from one to ten hours. After solution had taken place, the acid was allowed 
to attain room temperature after which fifteen cc. of the solution was taken 
for each determination. The solutions of the various organic compounds in 
sulphuric acid were made in the same manner. 

ResvMs. 

Completeness and Order of Reaction. In order to check the statement of 
Bistrzycki and ReintkeS regarding the completeness of decomposition of tei- 
phenylacetic acid in concentrated sulphuric acid, seventy milligram samples 
of sodium triphenylacetate were added to 10 cc. portions of one hundred per 
cent sulphuric acid. Two samples decomposed at 12° and 736.4 mm gave 
S.ii cc and 5.05 cc of carbon monoxide respectively. Under these conditions 
the theoretical volume of carbon monoxide from sodium triphenylacetate 
monohydrate should have been 5.08 cc. Two other samples decomposed at 
12® and 740.6 mm gave 5.01 cc and 5.13 cc of carbon monoxide, while the 
theoretical volume was calculated as 5.05 cc. Several other decompositions 
gave equally satisfactory results showing that the decomposition was a 
quantitative one. 

The data obtained from a typical run are given in the following taUe: 

Table I 

A Typical Decomposition 

Temp. 12® : H2SO4 is 95% : a = 3.76 cc : B.P.—744.6 mm 


Time in 
Minutes 

Volume of 

CO (cc) 

X 

(a-x) 

K X lo* 

0 

1.18 

0.00 

3-76 

— 

2 

1,40 

0.22 

3-54 

30.6 

4 

1.61 

0.43 

3-33 

30 7 

6 

1.81 

0.63 

3-13 

30.7 

8 

1.99 

0.81 

2-95 

30-9 

13 

2.42 

1.24 

2.52 

31.1 

18 

2.78 

1.60 

2.16 

31.0 

23 

3*09 

1.91 

1.85 

30.9 

28 

3-34 

2.16 

1.60 

30. s 

38 

3*73 

2.5s 

1.21 

29.9 

150 

4.94 

3-76 

0.00 

Av., 30.7 


When the data obtained from these decompositions of triphenylaceticacidi 
were substituted in the equation for a monomolecularreaction—K« (2.303/t) 
log a/(a—x)—the values of K for any one decomposition were found to be 
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coiisfeiiBt^ In these decompositions the total volume of carbon monoxide in 
oubie e«ati»aeters was substituted for a and the volume liberated at the end 
of timei <^;as x. That the true speed of decomposition and not the speed of 
solution was measured is shown by the fact that the velocity constants were 
not affecttSd by the volume of sulphuric acid. In decompositions by ninety- 
five per o®nt sulphuric acid the velocity constant was unaffected by using ten, 
fifteen, oc twenty cc. of sulphuric acid. 

The value of K X lo® for any particular ran was taken as the average 
value of the velocity constant between twenty-five and sixty per cent decom¬ 
position^ After sixty-five to seventy per cent decomposition, the value of the 
vekxnty constant began to gradually decrease. The values of the velocity 
constant given in the subsequent tables represent the average constant of 
from two to six determinations except in a few cases where the scarcity of a 
particular solute prevented duplicate runs. 

Effect of Water. After preliminary observations had shown that water 
acted as an inhibitor in the reaction between sulphuric acid and triphenyl- 
acetic acid, a quantitative study was made on the effect of varying amounts 
of water. The dilute sulphuric acid was made by adding a calculated weight 
of 90.38 per cent sulphuric acid to a definite weight of one hundred per cent 
sulphuric acid. The decomposition could be studied only with sulphuric acid 
of concentrations between ninety-three and ninety-seven per cents, for at 
lower concentrations, the reaction rate was exceedingly slow; while at higher 
concentrations the speed of decomposition was too rapid to permit accurate 
measurements. 

In order to decrease the speed of decomposition as much as possible, the 
reaction was carried on at 12.0°, Lower temperatures were out of the question 
since the melting point of one hundred per cent sulphuric acid is 10.41°. 
Table II gives the influence of water at 12.0°. Each value of the velocity 
constant is the average of from two to six determinations. The molality of 
solute refers to the number of mols of solute dissolved in one thousand grams 
of solvent —sulphuric acid in this case. 

Table II 

The Effect of Water on the Rate of Decomposition of Triphenylacetic Acid 

by Sulphuric Acid at 12.0° 


Per cent of 

Water 

Molality of 

Water 

K X lo^ 

I.K)g K X io> 

3.09 

1.77 

134 

2.13 

3.30 

1.90 

113 

2.05 

3.6s 

2. II 

82.0 

1.91 

4.09 

2.37 

60.9 

1.78 

S.oo 

2.93 

32.0 

i-Si 

S03 

2.94 

31-3 

i-So 

6«oo 

3-54 

15.8 

1.20 

7.00 

4.18 

6.66 

0.823 
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Although the effect of the addition of very small amounts of urater can 
not be ascertained from these data, it can be seen that the inhibitory effect of 
water decreases as the per cent of water increases. This same pliieiimiieiMm 
was observed by Lichty in his study of the decomposition of oxaKe acid by 
sulphuric acid, by Schierz in his study of the decomposition of fdanic add, 
and by Whitford in a similar study with malic acid. 


The effect of less than three per cent of water on the reaction mm deter¬ 
mined from the equation of the curve produced upon plotting the data of 

Table II. On plotting the leBaTitfams 
of K X 10® as ordinates, and the corres¬ 
ponding molalities as abscissas a etrai^t 
line was obtained. (Fig. i). 

The equation of this line was found 
to be 

log K X lo® = —0.540M + 3.076 



where M is the molality of added water 
and K the velocity constant. Substitu¬ 
tion in this equation gave values which 
agreed very well with the experimentally 
determined constants. 

That the decomposition (rf triphenyl- 
acetic acid in one hundred per cent sul¬ 
phuric acid is extremely rapid is shown by 
calculating the value of K X 10* from the 
above equation when M (molality of 
added water) is zero. When this was 
done, K X 10® was found to be 1190. The 
value of the velocity constant (K X 10®) calculated for 99.90% sulphuric acid 
(molality of added water: .0555) was found to be 1112. 'niis shows the 
marked effect of water at the high concentration of sulphuric acid. 


Fig. I 

Effect of Water and Dimethylpyrone 
upon the Heaction Rate 


From these results it can be seen that water acts as a vary marked in¬ 
hibitor in this reaction. The inhibitory effect of water is comparable to its 
effect in the decomposition of oxalic acid by sulphuric acid as determined by 
Lichty, and of formic acid as studied by Schierz. Table III summarizes the 
influence of water in these cases. 


When the molalities of added water were plotted as abscissas and the 
corresponding logarithms of the velocity constants as ordinates, a straight 
line was obtained (Fig. 1). The equation for this line was found to be 


log K X 10® = -0.S44M -f 3.4688 

where M is the molality of water and K the velocity constant. The calouJated 
velocity constant (K X 10®) for one hundred per cent sulphuric acid was 1943. 
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Effed <4 Temperature. The values of the velocity constants at 12.0° and 
22.0“ were used to calculate the temperature coefficients as well as the critical 
increments from the Arrhenius equation. 

d In k _ E 
dT RT* 

which in integrated form can be written 

„ _ 1.99 T2Ti X 2.303 log Ka/Ki 
T* - Ti 

The temperature coefficients and the values of E in calories are summarized 
in Table V. 


Table III 

Comparison of the Effect of Water in the Decomposition of Oxalic, Formic, 
and Triphenylacetic Acids by Sulphuric Acid 


Acid 

Inves¬ 

3 

-15% H2O 


I 

5-3% H ,0 

Studied 

tigator 

K X 10^ 

K X 10® 

K iiVc) 

K X lo® 

K X 10’ K (1.5%) 



3 % 

15% 

K ( 15 %) 

1 - 5 % 

3 % 

K (3%) 



H2O 

II2O 


H2O 

H2O 




98® 

98° 


70° 

70° 


Oxalic 

Lichty 

23-65 

0-73 

32.4 

3-15 

0.94 

3-35 



2 5 ° 

25° 


25° 

25"" 


Formic 

Schierz 

185 

1-73 

106.8 

395 

185 

2.13 

Triphenyl^ 

12® 

12° 


12° 

12° 


acetic 


134 

0.061 

2200.0 

418 

134 

3-12 


The effect of water at 22.0® was also determined with the following results: 


Table IV 

The Effect of Water on the Rate of Decomposition of Triphenylacetic Acid 

by Sulphuric Acid at 22.0° 


Per cent 
of Water 

Molality 
of Water 

K X 10^ 

Log K X 10* 

4.00 

2.31 

126. 

2.10 

5.00 

2.93 

77-9 

1.89 

6.00 

3-54 

31.6 

1-50 

7.00 

4.18 

18.4 

1.264 


Table V 


Temperature Coefficients and Critical Increments for the Decomposition of 
Triphenylacetic Acid by Sulphuric Acid Solutions between 12.0° and 22.0® 


Par cent 

Molality 

K X lo’* 

K X 10® 

Temp. Coeff. 

Grit, in¬ 

of Water 

of Water 

12,0® 

22.0® 

12.0-22.0® 

crement in 
calories 

4.00 

2,31 

60,9 

126 

2.07 

12,200 

S-oo 

2.93 

32.0 

77-9 

2.43 

14,850 

6«oo 

3-54 

15-8 

316 

2.00 

11.590 

7.00 

4.18 

6.66 

18.4 

2.79 

17,260 

0.00 

0.00 

ii9o(calc) 

2943 (calc) 

2.47 

15,120 
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The temperature coefficients for different concentrations of sululu p if acid 
do not check. Schierz*, in the study of the decomposition of formic nM found 
irregularities. Lewis'^ states that in cases of solvent catalysis, E fkay vary 
with the solvent and the composition of mixed solvents. This investigator 
cites the case of the transformation of acetophenoneoxime into acetSBiHde by 
sulphuric acid“ where the value of E increased from 21,720 calories for 94.6 
per cent acid to 24,670 calories for sulphuric acid of 93.6 per cent. ’ 

From a consideration of the results obtained, no conclusions can be drawn 
from the temperature coefficients obtained except that irregularitiss were 
observed and the temperature coefficients were not abnormally high^M was 
observed in the decomposition of oxalic and maUc acids. 

In connection with the critical increment it is of interest to note that in 
the case of malic acid, Whitford® found a value in calories of approximately 
24,000 calories between 2o‘’-3o® or 3o®-4o“ when the decomposition was affected 
by one hundred per cent sulphuric acid. Schierz^ in studying formic acid 
found a value of 19,000 for the average of three determinations for the tem¬ 
perature interval is®-2s'’ where the concentrations of sulphuric acid varied 
between 92 and 98%. In this investigation of triphenylacetic acid 14,000 
was found to be average value of the critical increment between 12 and 22** 
when the concentrations of the sulphuric acid employed varied between 93 
to 96%. From the data given by Lichty® on the decomposition of oxalic acid, 
it was possible to calculate one critical increment from the fact that for a 
solution of 0.6% water in 100 grams of sulphuric acid, K X 10® was 0.5746 
at 45.0°, while K X 10® increased to 18.14 when the temperature was increased 
to 70.0®. These data gave a critical increment of 29,960 calories. The com¬ 
parisons of the critical increments of these four reactions will be discussed 
more in detail in another part of this paper. 

Effect of Sodium and Potassium Sulphates. Sodium sulphate was studied 
at 12° and 22®. The results are shown in the following table: 


Table VI 


Effect of 

Sodiiun Sulphate 

on the Decomposition of Triphen]dBoetie Acid 


by 100% Sulphuric Acid at 12® and 

22° 


Per cent 


K X 10^ 

log K X io« 

K X io» 

Temp. Coeff. 

NajSOi 

Molality 

12° 

12*^ 

22® 

I2®-22® 

15-00 

1.24 



124 


14.00 

I.IS 

57-4 

1.76 

171 

2.98 

13.00 

I -05 

64 -3 

1.81 



12.00 

0.960 

91.2 

1.96 



11.00 

0.870 

109.8 

2.04 




Determinations of the velocity constant of fifteen per cent soifium sul¬ 
phate could not be made at 12® due to the fact that at this tempehvbue the 
solution was supersaturated and crystallization took place during a deoom- 

“ Lewis: Trans. Faraday Soo., 17 , 575 (1922). 

“ Lobry de Bruyn and Sluiter: Proc. K. Akad. Wet. Amsterdam, 6, 773 (1904). 
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position. The solutions of concentrations lower than fourteen per cent could 
not be used at 22® because the speed of decomposition was immeasurably rapid. 
The temperature coefficient of the fourteen per cent solution between 12° and 
22® was 2.98. The critical increment calculated from this value gave 18,300 
cabries. 



MOLAL/TY OF^Ol.UT£ 


Fig. 2 

Effect of Sodium and Potassium Sulphates upon the Reaction Rate 
The influence of potassium sulphate is given in Table VII. 

Table VII 

Effect of Potassium Sulphate on the Rate of Decomposition of Triphenyl- 


acetic Acid in 100% Sulphuric Acid at 12.0® 


Per cent 

KsSO« 

Molality 

K X io« 

log K X 10* 

14.00 

0-935 

95-0 

1.98 

13 00 

0.858 

II 9-5 

2.08 

12.00 

0.788 

160.9 

2.21 

II.00 

0.710 

202.6 

2.31 


Both potassium and sodium sulphates inhibited the reaction to a marked 
degree, even more than water. For instance, at 12.0® sodium sulphate 
(molality 1.05) decreased the value of K X 10* to 64.3; while the molality of 
added water which decreased K X 10’ to 60.9 was as high as 2.37. In this 
connection it is interesting to note that Kendall and Landon'^ have isolated 
the following compounds between sodium and potassium sulphates and sul¬ 
phuric acid — KsS04.3HsS 0«; K2S0«.H2S04; 2Na2S04.9H2S04; Na2S04. 
2H2804; Na2S04.H 2S04. 

” Kendall and Landon: J. Am. Chem. Soc., 42 ,2131 (1920). 
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The effect of other sulphates could not be determined because tteymm 
not soluble enough in one hundred per cent sulphuric acid to decreaatef^^ito 
speed of decomposition of triphenylacetic acid to the point where the 
constant could be measured. 

When the logarithms of K X lo® were plotted against the correipowHilf 
molalities of dissolved sulphates a curve was obtained, Fig. 2, which deviated 
somewhat from a straight line. It is interesting to note that both salts give 
points which lie on the same line. 

Effect of Hydrogen Chloride. Schierz^ stated that hydrogen chloride 
greatly increased the speed of reaction between formic and sulphuric adds. 
For this reason the effect of this solute was studied on the reaction u^der 
investigation. 

Sulphuric acid of 1.84 specific gravity was saturated with dry hydrogen 
chloride. When this acid was used in the decomposition of triphenylaoelac 
acid, the carbon monoxide which was evolved carried with it some hydrogro 
chloride which was not dissolved by the water in the burette rapidly enoufd^ 
to keep the total volume of gas below that required by the carbon monoxide 
alone. It was necessary to insert a ten centimeter tube filled with “ascarite’^ 
between the decomposition flask and the burette to absorb the hydrogen 
chloride which was carried with the carbon monoxide. 

Four decompositions made in this manner at 12.0° gave velocity constants 
which averaged 40.4. The results of several decompositions by the sulphuric 
acid which did not contain dissolved hydrogen chloride gave a value of 42.4. 
The effect of hydrogen chloride, then, was negligible, although it must be kept 
in mind that the amount of hydrogen chloride which dissolved in sutphuric 
acid of 1.84 specific gravity at room temperature was small. 

Effect of Various Acids, Alcohols, and Ketones. 

Acetic Acid. In studying the effect of acetic acid, decompositions could 
not be made at 12.0®, for at this temperature a part of the acetic acid separated 
from the solution. Consequently the influence of this solute was observed 
at higher temperatures only. The results of the decompositions wbieh were 
made at 22.0® are given in Table VIII. 

The value of K X 10® for a solution of twenty per cent acetic acid at 32.0® 
was 61.2. The temperature coefficient between 22®-32° for the decouqioestioii 
by a solution of twenty per cent acetic acid in sulphuric was i .61 . The critical 
increment calculated from this temperature coefficient gives 8,522 calorics. 

Table VIII 

Effect of Acetic Acid on the Rate of Decomposition of Triphenylacetic Arid 


by Sulphuric Acid at 22® 


Per cent 

Acetic Acid 

Molality 

K X io‘ 

log K X 10^ 

15-00 

2.94 

126 

■ .10 

17.00 

3-41 

7 S-S 

1.88 

20.00 

4.17 

38.1 

i.S8 

23.00 

4.98 

18.9 

1.28 
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In Fig. 3 the molalities of acetic acid are plotted as abscissas and the 
corresponding logarithms of K X lo* as ordinates. In the same figure the 
curve for the effect of water at 22.0° was inserted for comparison. The acetic 
acid acted as a pronounced negative catalyst although its inhibitory effect 
was not as great as water under the same conditions. Whitford in his study 
of the decomposition of malic acid by sulphuric acid found a similar effect. 
In regard to the negative catalytic effect of acetic acid in this reaction, it is 
worthy of notice that James Kendall* has shown the existence of an 
addition compound between sulphuric and 
acetic acids. 

Dimeihylpyrone, The influence of di- 
methylpyrone was studied at 12.0° with ^ 
the results given in Table IX. 

These data arc plotted in Fig. i. The 
dimethylpyrone was as effective in inhibit- ’ 
ing the decomposition as water, a fact which ^ 
agrees with the results obtained by Whit- ^ 
ford in his study of malic acid. Addition ^ 
compounds between dimethylpyrone and 
sulphuric acid have been isolated and de- , 
scribed by Kendall and Carpenter.^^ 

Phenol, The influence of phenol on 
the decomposition rate of triphenylacetic ^ 
acid in one hundred per cent sulphuric 
acid was determined. Table X gives 
the results. 

Table IX 

Effect of Dimethylpyrone on the Rate of Decomposition of Triphenylacetic 
Acid by Sulphuric Acid at 12° 

Per cent of 

Dimethylpyrone Molality K X 10® log K X lo* 

15.00 1.42 150 2 176 

18.00 1.77 loi 2.004 

20.00 2.02 58.4 1.766 

Table X 

The Effect of Phenol on the Rate of Decomposition of Triphenylacetic Acid 

by Sulphuric Acid at 12.0® 


Molality 

K X io> 

log K X 10* 

3.50 

I- 4 S 

0.16 

2.00 

6.97 

0.84 

1-50 

20.8 

1.32 

1.00 

76.8 

1.89 

0.50 

25s 

2.41 


* Personal communication. 

Kendall and Carpenter; J. Am. Chem. Soc., 36 , 2498 (i9i4)« 
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Fig. 3 

Relative Effects of Water and 
Acetic Acid 
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Two decompositions made at 32.0° in which the molalities of phenol weee 
3.00 and 2.50 gave values of K X 10* which were 2.00 and 6.01 respectively. 
This gave an increase of the velocity constant for a solution of phenol of 2.50 
molality from 1.45 at 12° to 6.01 at 32°. These data when used in tli|9 
mination of the critical increment gave a value of 12,280 calories. Kiiend is 
consequently a far more effective negative catalyst in this reaction than 
water. It might be noted at this point that phenol has been shown by Kendall 



Fio. 4 

Effects of Acetone, p-Cresol, and Phenol upon the Reaction Rate 

and Carpenter^* to form a stable addition compound with sulphuric acid com¬ 
posed of two molecules of phenol and one molecule of sulphuric acid. Fig. 4 
contains the curve formed by plotting the molalities of phenol as abscissas 
against the logarithms of K X 10* as ordinates. 

Acetone. The results obtained from stud3dng the influence of acetone at 
12.0® are tabulated in Table XI. 


Table XI 

The Effect of Acetone upon the Rate of Decomposition of Triphenylacetic 
Acid by Sulphuric Acid at 12.0® 


Molality of 
Acetone 

2.00 

2.50 

3-00 


K X io> 
74 -S 
33-9 
12.3 


log K X lo* 
1.87 
1-53 
1.09 


Acetone was another solute which decreased the velocity of decomposition 
rather pronotmcedly. Again a straight line was obtained upon plotting 
molalities of solute against logarithms of the velocity constant in Fig. 4. 

Para Cresol. The influence of this solute was studied at 12.0®. The 
results are tabluated below. 

These data which are plotted in Fig. 4 show that p-cresol is ai^ inhibitor 
to the reaction in which connection it should be noted that Kendall and 
Carpenter'* obtained stable addition compounds between p-cresol and sul¬ 
phuric acid. 
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Table XII 


The Effect of p-Cresol upon the Rate of Decomposition of Triphenylacetic 
Acid by Sulphuric Acid at 12.0® 

Molality K X lo* log K X 10* 


2.50 12.00 1.08 
2.26 33.6 1.53 
2.00 53.S 1.73 


Various Acids, Alcohols and Ketones, Of the inhibitors of the reaction 
which have been described, water, sodium and potassium sulphates, di- 
methylpyrone, phenol, and p-cresol form addition compounds with sulphuric 
acid. In order to determine whether compound formation and inhibition are 
related, the influence of several more solutes was studied. Since most of the 
compounds used were not available in quantities large enough to permit 
decompositions at several concentrations, results at one definite concentration 
only were obtained. The results are given in Table XIII. In cases where 
the solute and sulphuric acid have been known to form addition compounds, 
the formula of the compound and the investigator are inserted. 

All of the solutes mentioned in the table act as definite inhibitors except 
phosphoric acid, the negative catalytic effect of which is not marked. It is 
of interest to note that phosphoric acid has not been shown to form a com¬ 
pound with sulphuric acid. Ethyl alcohol and acetone are both effective in 
decreasing the speed of the reaction, although no addition compounds be¬ 
tween sulphuric acid, ethyl alcohol or sulphuric acid and acetone have been 
isolated. Both ethyl alcohol and acetone, however, form addition compounds 
with other strong acids. Compounds of acetone with hydrochloric, hydro- 
bromic, and hydriodic acids were prepared and described by Archibald and 
Mclntosh.^^ McIntosh^® has isolated equimolecular addition compounds 
between acetone and nitric acid and ethyl alcohol and nitric acid. No results 
were obtained with sulphuric acid because at the low temperatures which 
were employed the sulphuric acid became extremely viscous. If acetone and 
ethyl alcohol formed compounds with these other strong acids, it is reasonable 
to assume that the same tendency toward molecular compound formation 
should exist in solution between sulphuric acid and ethyl alcohol and acetone. 
From a consideration of all of the results obtained, it is safe to say that the 
inhibition of the decomposition of triphenylacetic acid by sulphuric acid and 
the tendency of sulphuric acid to form molecular addition compounds with 
these inhibitors are two phenomena which are very intimately related. This 
point will be discussed more in detail in another part of this paper. 

Concentration-Temperature Study of the System TriphenylcarbinoUSuU 
phuric Add. The pronounced influence of triphenylcarbinol on the reaction 
rate suggested the existence of one or more addition compounds between 
triphenylcarbinol and sulphuric acid. No such compound was found re- 

Archibald and McIntosh: J. Chem. Soc., 85 , 919 (1904). 

“ McIntosh: J. Am. Chem. Soc., 27 , 1013 (1905). 
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ported in the literature. The tendency toward compound formation between 
sulphuric acid and triphenylcarbinol was an important factor not only from 
the standpoint of the relation between compound formation and inhibition, 
but also because triphenylcarbinol was one of the decomposition products 
of triphenylacetic acid. For this reason an attempt was made to obtain 
evidence of such a molecular complex. 

A temperature-concentration study of the system was made by observing 
the effect of triphenylcarbinol on the melting point of sulphuric acid. Twenty- 
five grams of one hundred per cent sulphuric acid was placed in a Beckmann 
freezing point apparatus. Pure dry triphenylcarbinol was then added through 
a side arm and the freezing point of the solution taken after the carbinol had 
dissolved. The cooling baths used to obtain the low temperatures were 
salt-ice and solid carbon dioxide-ether mixtures. The following data were 
obtained: 

Table XIV 

Variation of Melting Point with Concentration of the Binary System, 
Triphenylcarbinol-Sulphuric Acid 


Per cent 


Per cent 


triphenyl- 

carbinol 

Temp. 

triphenyl- 

carbinol 

Temp. 

0.00 

10.47'' 

30.00 

“ 3.0 

0.24 

10.41 

31.00 

4.0 

1.11 

9.8 

33.30 

18.0 

2.25 

8.6 

35.45 

00 

3-52 

7.2 

37.47 

35-0 

4.88 

5.5 

38.50 

36.0 

6.50 

3-4 

39-37 

38.0 

8.08 

0.8 

41.00 

38.0 

950 

— 1.6 

41.15 

39.0 

II .01 

“ 4-5 

42.78 

38.0 

12. II 

-6.8 

43 .24 

375 

14.00 

-II.8 

44.42 

34-3 

15-45 

-15.0 

45.31 

350 

17.00 

0 

d 

1 

45.92 

38.5 

19.60 

— 25.0 

47.38 

50.5 

21.01 

-325 



23.01 

Set to glass 




The melting point was taken as the temperature at which the last crystals 
disappeared. The temperature at which the crystals disappeared was often 
very difficult to obtain with an accuracy greater than one degree due to the 
dark ornage color of the solution and the small air bubbles which were stirred 
into the acid. When the concentration of triphenylcarbinol was above 
forty-seven to forty-eight per cent, the melting point had increased to the 
temperature where decomposition took place and no further readings could 
be made. For the same reason the curve could not be studied from the tri- 
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phenylcarbinol side. Sulphonation (recognized by the rapid liberation of 
water) proceeded very rapidly near the melting point of triphenylcarbinol 
(162®) and more slowly at temperatures as low as 80®. 

The data are shown graphically in Fig. 5, with the per cent composition 
of the solution as abscissas and the corresponding melting point temperatures 
as ordinates. The maximum in the curve represents a compound and cor¬ 
responds to a composition of forty-one per cent of triphenylcarbinol. The 
inclination of the curve at the point where it was discontinued indicates the 
formation of another compound. The crystals which separated from solution 

at this point were very well defined with 
a surprisingly sharp melting pointof 39.0®. 
When allowed to crystallize slowly, the 
compound solidified in beautiful long, 
very fine, needle-like crystals often two 
inches in length. 

In order to check the composition 
of the compound by chemical analysis, 
some of the solid phase was taken from 
the half-melted mixture, pressed between 
porous plates, and allowed to stand in 
a desiccator for two days. The dried 
crystals were orange in color and very 
hygroscopic. They were quickly trans¬ 
ferred to a weighing bottle from which 
weighed samples were added to water 
and hydrolyzed into triphenylcarbinol 
and sulphuric acid by boiling for thirty 
minutes. After filtering off the triphenyl¬ 
carbinol, the sulphuric acid was titrated 
5 with a standard solution of sodium 

Sulphuric Aod-Tnphenylcarbinol hydroxide with methyl orange as an 

indicator. The results of two determinations gave a sulphuric acid content 
of 59.72 and 58.86 per cents which corresponded to a triphenylcarbinol con¬ 
tent of 40.28 and 41.14 per cents respectively. These values agree well 
with the 41 per cent as determined from the curve. This per cent of tri¬ 
phenylcarbinol corresponds to the compound (C#H6)sC0H.4H2S04 of which 
the theoretical content of triphenylcarbinol is 39.88 per cent. 

These results again show that the inhibitor is a solute which forms a 
compound with the active catalyst. 

Evidence of Compound Formation between Sulphuric and Triphenyl- 
acetic Adda. Many catalytic reactions have been shown to depend upon the 
formation of intermediate compounds between the catalyst and one or more 
of the reactants. So many substantiations of this theory have been pointed 
out that it has become of outstanding importance to the study of catalysis. 
In the reaction under investigation an attempt was made to obtain evidence 
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of compound formation between sulphuric and triphenylacetic acids. Knox 
and Richards^’^ showed that it was possible to demonstrate the existence of 
molecular addition compounds between acids in solution by solubility deter¬ 
minations. Their method was to determine the solubility of one acid at a 
particular temperature in solutions of increasing concentration of the second 
acid. The solubility of the acid at first continually diminished with increasing 
concentration of the solvent acid in accordance with the effect of a common 
ion; but as the concentration of the solvent acid became greater this influence 
was offset by the second influence, namely, compound formation between the 
acids, and the solubility of the solute acid increased with the increase of con¬ 
centration of the solvent acid. In cases where the solvent acid was extremely 
weak, the common ion effect was less pronounced and no minimum was 
obtained, but only a gradual increase of solubility where compounds were 
formed in solution. This method furnished a very convenient way of deter¬ 
mining compound formation in solution. 

The attempt was made to employ this method with sulphuric acid and 
triphenylacetic acid by measuring the solubility of triphenylacetic acid in 
sulphuric acid solutions of increasing concentrations. An increase of solubility 
as the normality of sulphuric acid was increased would be an indication of 
compound formation. Due to the very low solubility of triphenylacetic acid 
in solutions of sulphuric acid up to concentrations as high as seventy per cent 
(at which point decomposition slowly took place) together with the fact that 
triphenylacetic is an exceedingly weak acid, the experimental difficulties 
involved in the determination of the dissolved triphenylacetic were so great 
that no reliable results were obtained. 

If triphenylacetic acid forms a compound with sulphuric acid, one could 
reasonably expect compound formation with hydrochloric and nitric acids as 
well. The solubility of triphenylacetic acid was the same in sixty-eight per 
cent nitric acid and in twenty-five per cent hydrochloric acid as in water, 
namely, five milligrams per one hundred cc. When the concentration of 
nitric acid was increased above ninety per cent, the solution readily dissolved 
triphenylacetic acid to form an orange-brown colored solution; one hundred 
per cent nitric acid was an extremely good solvent, but at that concentration, 
a reaction took place for solution was accompanied with the liberation of heat 
and nitrogen dioxide. This was further substantiated by the fact that upon 
diluting the resulting solution with water, a white substance was precipitated 
which melted with decomposition at 115°, whereas the melting point of tri¬ 
phenylacetic acid was 246°. 

The solubility of triphenylacetic acid was qualitatively determined in 
liquid hydrogen chloride at the boiling point of liquid hydrogen chloride. 
Twenty cc. of liquid hydrogen chloride, which was prepared by cooling dry 
hydrogen chloride by liquid air, was saturated with triphenylacetic acid. 
The excess solute was filtered from the liquid, which had become yellow in 
color, by means of glass wool. The filtrate was but slightly turbid. Upon 

Knox and Richards; J. Chem. Soc., 115 , 508 (1919). 
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allowing the liquid to evaporate, approximately 0.39 gm. of a white residue 
remained which from its melting point of 264® proved to be triphenylacetic 
acid. 

The tremendous increase in the solubility of triphenylacetic acid in hydro¬ 
chloric acid when the concentration was increased from twenty-five to one 
hundred per cent demonstrates compound formation between solute and 
solvent. In the case of nitric acid the increase of solubility when the con¬ 
centration is increased above ninety per cent points to the same conclusion, 
although a complication arises from the fact that the process of solution is 
accompanied by chemical reaction (probably nitration). Since the solubility 
does not become pronounced until the concentration of solvent acid is near 
one hundred per cent, it can be argued from analogy, that with sulphuric 
acid the increase of solubility, and hence compound formation, takes place 
only where the sulphuric acid is very concentrated. It is of interest to note 
that the decomposition of triphenylacetic acid in ninety per cent sulphuric 
acid is extremely slow, and assuming that the speed of decomposition is pro¬ 
portional to the amount of compound formation, this fact would tend to 
support the contention that the formation of an addition compound takes 
place only when the concentration of sulphuric acid is above ninety per cent. 
The fact that finely powdered triphenylacetic acid is not as readily wet by 
ninety per cent sulphuric acid as by ninety-five per cent acid again points to 
the fact that triphenylacetic acid is more soluble in the higher concentrations 
of sulphuric acid. In this same connection it should be noted that Knox and 
Richards^^ showed that hydrochloric acid formed an addition compound with 
both phenyl and diphenylacetic acids. To summarize, the evidence obtained 
tends to show that triphenylacetic and sulphuric acids form an addition com¬ 
pound when the sulphuric acid is above a concentration of ninety per cent 
even though such a compound was not isolated. 

Solubility of Triphenylacetic Acid in Acetic Acid. If the diminution of the 
speed of decomposition of triphenylacetic acid by certain solutes was due to 
molecular combination between one of the reactants—sulphuric acid—and 
the solute, then, likewise, there would exist the possibility of the solute com¬ 
bining with the triphenylacetic acid to form a molecular complex. Triphenyl¬ 
acetic acid, however, is an exceedingly weak acid and would only tend to 
combine with those solutes which were quite acidic in nature. KendalP® 
in a discussion of the molecular combinations formed from organic acids in 
pairs, stated that the tendency toward the formation of addition compounds 
was dependent upon the difference in acidic strengths of the two components. 
Again in discussing the addition compounds formed between phenols and 
trichloracetic acid, KendalP® pointed out that the more acidic phenols did 
not give compounds with trichloracetic acid, whereas more weakly acidic 
compounds did. In general, the more diverse the chemical characteristics 
of the components, the greater is the tendency for the formation of molecular 

James Kendall: J. Am. Chem. Soc,, 36 , 1722 (1914). 

James Kendall: J. Am. Chem. Soc., 38,1309 (1916). 
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addition compounds; while the tendency decreases as the chemical character¬ 
istics of the components become more similar in nature. From this standpoint 
triphenylacetic acid might be expected to show an inclination for molecular 
compound formation in solution with the more acidic solutes such as phos¬ 
phoric or acetic acids, but not with phenol or ethyl aclohol which would be 
more similar to triphenylacetic acid itself. 



Fig. 6 

Solubility Curve of Triphenylacetic Acid in Acetic Acid at 25®. 

The solubility method as described by Knox and Richards'^ was used in 
the attempt to establish compound formation between triphenylacetic acid 
and acetic acid. The solubility of triphenylacetic acid was determined in 
acetic acid solutions of various concentrations from zero to seventeen normal 
Acetic solutions were saturated with the solute at 30° and subsequently 
cooled to 25° and twenty cc. aliquots were then evaporated to dryness in two 
inch porcelain crucibles and dried at 105® before being weighed. The results 
are given in Table XV. F]ach value represents the average of two or more 
determinations. 


Table XV 

Solubility of Triphenylacetic Acid in Acetic Acid at 25° 


Normality of 

Grams of 

Normality of 

Grams of 

Acetic Acid 

Triphenylacetic. 

Acetic Acid 

Triphenylacetic 


per 100 cc. 


per 100 cc. 

0.000 

0.0050 

8.824 

0.0090 

1-529 

0.0045 

10.912 

0.0305 

2-875 

0.0060 

II .661 

0.0440 

4-590 

0.0045 

14.433 

0.1500 

5 923 

0.0100 

17-365 

0.6105 
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The solubility curve is given in Fig. 6. Since triphenylacetic acid is a 
very weak acid, the decrease of solubility due to the common ion effect is not 
marked. The solubility begins to raise at a normality of ten and continues 
to increase very pronouncedly, indicating the formation of a molecular 
addition compound between the two acids. 

Discussion of Results 

Mechanism of the Reaction. The results obtained in the study of the re¬ 
action between sulphuric and triphenylacetic acids lead to an explanation 
based upon intermediate compound formation between the two reactants. 
The evidence for the existence of such a molecular compound has already 
been given. 

The molecular addition compound formed between the sulphuric and 
triphenylacetic acids can be looked upon as being an unstable oxonium com¬ 
plex which decomposes into carbon monoxide and the molecular complex of 
triphenylcarbinol and sulphuric acid which has been shown to exist. In 
triphenylacetic acid either the oxygen of the hydroxyl group or the oxygen of 
the carbinol group, or both, can be looked upon as being the point where 
combination with the sulphuric acid molecule (or molecules) takes place. 
James Kendall and his co-workers**- **■ **- ** have given the structure of the 
addition compounds which they isolated from esters, acids, aldehydes, and 
alcohols as oxonium compounds. Likewise, Knox and Richards*’ in their 
study assumed oxonium complexes. As a matter of fact, the only logical 
point of attachment between two acid molecules of this type is between the 
oxygen atoms. 

The instability of this complex may be due to a distortion of the electronic 
configuration of the molecule by the large sulphuric acid molecule resulting 
in the formation of the triphenylcarbinol-sulphuric acid complex and carbon 
monoxide. The fact that the addition compound formed between sulphuric 
acid and the carbinol is more stable than that formed from sulphuric acid and- 
triphenylacetic acid may contribute its share to the rearrangement of the 
molecule. 

The decomposition can be represented by the following equations; 

y (C«H»), C COOH + x H,S04 y (CeH*), C COOH . x H2SO4 
y (CeHO, C COOH . x H2SO4 —► y (C,H5),COH - 1 - y CO + x H,804 

The velocity of decomposition of triphenylacetic acid would depend upon 
the number of activated molecules of the intermediate addition compound 
which in turn would be governed by the concentration of the reactants and 
the factors which influence activation. The speed of formation of the mole¬ 
cular complex would probably not be an influencing factor, for ‘Kendall*® 
states that the speed of formation of oxonium complexes is rapid. 

Kendall and Booge: J. Am. Chem. Soc., 38 ,1719 (1916). 
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The similarity of this decomposition to the decomposition of oxalic, formic, 
and malic acids suggests the same mechanism for each. In regard to the 
formation of an addition compound, it is of interest to note that Knox and 
Richards have actually shown that sulphuric acid forms a compound with 
oxalic acid in solution, a fact which is in accord with the suggested mechanism. 

The critical increment is a measure of the energy which is necessary to 
activate the molecules to the energy level where reaction takes place. The 
smaller the critical increment the more readily a reaction would be expected 
to take place. This relationship holds true in the decompositions of oxalic, 
malic, formic, and triphenylacetic acids where the readiness of decomposition 
increases in the order in which the acids are named. The average values of 
the critical increments in calories of the above reactions under the conditions 
previously stated is: oxalic acid—29,960; malic acid—24,000; formic acid— 
19,300, and triphenylacetic acid—14,200. The readiness of decomposition 
is in the order which would be expected from the critical increments. Again, 
considering the tendency of compound formation of sulphuric acid with 
another acid as being dependent upon the difference of acidity, and assuming 
that this tendency to form a molecular complex is proportional to the velocity 
of decomposition, then the the case of oxalic, malic, formic, and triphenyl¬ 
acetic acids, the weakest acid would most readily form an intermediate com¬ 
pound with sulphuric acid, and the speed of decomposition would be greatest. 
The order of decreasing acidity of these four acids is: oxalic, malic, fonnic, 
and triphenylacetic. The velocity of decomposition increases in the same 
order from oxalic, to malic, formic, and lastly triphenylacetic which decom¬ 
poses most rapidly. 

Action of Inhibitors, It has already been emphasized that the solutes 
which acted as inhibitors in this reaction were all substances which formed 
molecular addition compounds with the sulphuric acid. This suggests an 
explanation for the pronounced effect of these substances, namely, that by 
molecular combination with the sulphuric acid they disturb the equilibrium 
of the reaction by which the unstable triphenylacetic acid-sulphuric acid 
intermediate complex is formed by decreasing the concentration of sulphuric 
acid, which, in turn, diminishes the amount of the intermediate compound, 
and consequently, the reaction velocity. The influence of some of the in¬ 
hibitors is very pronounced. For instance, phenol, the molality of which was 
0.5, decreased the value of K X 10^ from 1190 to 255. This concentration re¬ 
presents one mol of phenol to every twenty mols of sulphuric acid. It is 
difficult to see why such a small amount of phenol would exert such a marked 
effect on the reaction velocity. Sulphuric acid, however, is a very highly 
associated liquid. Aston and Ramsay^^ have concluded from the results of 
surface tension measurements that sulphuric acid which corresponds to the 
formula 12H2SO4.H2O has at room temperature a formula of (112804)32. 
It is probable that only certain points in this large associated molecule are 
free to combine with the inhibitor so that the effective concentration of the 
catalyst is n ot represented by the number of mols present. 

^ Aston and Ramsay; J. Chem. Soc., 65 , 170 (1894). 
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It was shown that acetic acid which acted as a negative catalyst not only 
formed an addition compound with sulphuric acid but with triphenylacetic 
acid as well, and in so doing some of the inhibitor was prevented from com¬ 
bining with the sulphuric acid, a fact which might diminish the inhibition; 
although the effect could not be very marked. The mechanism of inhibition 
is then very involved, the actual speed of reaction depending upon three 
equilibria: 

(1) y(CeHB)3CCOOH + XH 2 SO 4 y(C6H6)8CCOH . XH 2 SO 4 

(2) aH2S04 + b Inhibitor aH2S04. b Inhibitor 

(3) c Inhibitor + d(C6H6)3CCOOH d(C6H6)3CCOOH.c Inhibitor 

In cases where the inhibitor was more nearly equal to the triphenylacetic 
acid in acidity, the possibility of compound formation between them would 
be negligible and the third equilibrium reaction would be eliminated. In 
most of the cases of inhibition only the first two equations would be involved. 
Some of the inhibitors were more effective than others. Since the inhibitor 
functions by combining with the catalyst, the effectiveness of an inhibitor 
would depend upon the tendency toward compound formation and the stabil¬ 
ity of the addition compound. 

If the difference in the acidity of the two components is taken as a measure 
of the tendency towards compound formation, then the negative catalyst 
which is least acidic in character would be most effective, assuming the stabil¬ 
ity of addition compounds between inhibitor and catalyst to be equal. In 
Table XVI the ionization constants of several of the inhibitors are given with 
their corresponding effects upon the velocity of decomposition. 


Table XVI 


Relation of Acidity to the Effectiveness of Inhibition at 


Inhibitor 

K 

K X io« 

Phosphoric Acid* 

1.1 X 10-2 

305 

o-Toluic Acid® 

1.2 X 10”^ 

142 

Benzoic Acid® 

6 X lor^ 

161 

Crotonic Acid® 

2.14 X 

74 

m-Nitrophenol® 

i.o X io~* 

191 

Phenol^ 

I. IS X 10-10 

1 .45 

p-Cresol® 

0.67 X 10-10 

12.0 

Water* 

I. I X lo-i^ 

60.9 


Molality of 
Inhibitor 

4.7s 

2.50 

2.00 

2.50 

2.50 

2.50 

2.50 

2*37 


^ Abbot and Bray: J. Am. Chem. Soc., 31 , 760 (1909). 

* Ostwald: Z. physik. Chem., 3 , 2^ (1889). 

*Holleman and Wilhemy: Rec. Trav. chim., 21, 432 (1902); Centralblatt, 741 , 509 

03). 

^ Walker: Z. physik. Chem., 32 , 137 (1900). 

•Boyd: J. Chem. Soc., 107 , 1538 (1915). 

• Calculated from conductivity of water—Kohlrausch: Z. physik. Chem., 14 , 317 (1894). 


Acetic acid was not included since its effect was not studied at 12^* 
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The relationship is fairly good in the first four cases, but in the last four 
it does not hold. Meta nitrophenol and water do not inhibit the reaction 
enough to conform to the generalization, while the difference between phenol 
and para cresol, though not marked, is enough to show an inconsistency. 

The stability of the addition compound between sulphuric acid and the 
inhibitor would also affect the efficiency of the inhibitor. An idea of the 
stability of a compound which has been shown to exist by a phase rule study, 
that is, a temperature concentration diagram, can be obtained from the 
maximum which indicates the existence of the compound. If the maximum 
in the curve is sharp and well defined, the compound is stable, whereas if the 
maximum is not pronounced, dissociation of the addition compound is in¬ 
dicated. Since Kendall and his co-workers have established the existence of 
the addition compounds between sulphuric acid and many of the inhibitors 
of this reaction, a study of those curves gives an indication of the stability 
of the compound whose existence they established. In connection with the 
inhibition of the reaction studied it follows that the solutes which form the 
most stable complexes with sulphuric acid are those which should show the 
most pronounced inhibition. A study of these phase rule diagrams between sul¬ 
phuric acid and the inhibitors listed in Table XVI, excluding phosphoric acid, 
shows that para cresol fonns the most stable addition compound with sul¬ 
phuric acid while the others are of about the same degree of stability. 

The results of this study have substantiated the theory advanced by 
Taylor^^ account for the mechanism of negative catalysis. Citing the in¬ 
hibitory influence of water on the decomposition of oxalic acid by sulphuric 
acid, Taylor explained the pronounced effect by stating that the inhibitor pre¬ 
vented one of the reactants from taking part in the reaction by forming a 
molecular compound with it. The inhibition in the decomposition of tri- 
phenylacetic acid has been shown to depend upon this very fact. 

Another theory formulated to explain negative catalysis is due to Christian- 
sen^^ who assumes that chemical reactions are chain reactions and that the 
negative catalysts breaks a chain reaction by absorbing the energy which 
would otherwise activate the molecules which had not reacted. Although 
this theory seems to explain certain types of negative catalysis-^^ it hardly 
seems applicable to the present case. It is difficult to conceive of a chain 
reaction taking place in the liquid phase such as the sulphuric acid solutions 
used in the reaction studied. 

The fact that the decomposition of triphenylacctic acid by sulphuric 
acid in so many details bears such a striking resemblance to the dehydrations 
of oxalic, formic and malic acids by sulphuric acid suggests that the same 
factors govern all four reactions. Since the decomposition of triphenylacctic 
acid takes place without the elimination of water, the water formed in the 
decomposition of oxalic, formic, and malic acids can only be incidental, and 

** Taylor; J. Phys. Chem., 27 , 322 (1923). 

** Christiansen: J. Phys. Chem., 28 , 145 (1924). 

^ Blackstrom: J. Am. Chem. Soc., 49 , 1460 (1927). 
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the factors which govern the dehydration of these acids are those which affect 
the concentration and speed of formation of the unstable molecular addition 
compounds between the acids and sulphuric acid. 

The writer desires to express his appreciation to Professor J. H. Walton 
not only for suggesting this problem but for his kind and helpful guidance 
during its progress. 

Summary 

1. The decomposition of triphenylacetic acid by sulphuric acid has 
been studied quantitatively and found to be an apparent first order reaction. 

2. Seventeen solutes were found which act as pronounced negative 
catalysts to this decomposition among which are water, sodium sulphate, 
dimethylpyrone, phenol, acetophenone, and crotonic acid. 

3. Hydrogen chloride in low concentrations does not affect the velocity 
of the reaction while phosphoric acid shows a slight negative catalytic effect 
when present in rather high concentrations. 

4. The inhibitory effect of the negative catalysts increases logarithmically 
with their concentrations. 

5. Although the temperature coefficients are affected irregularly by the 
presence of inhibitors, the value for the ten degree interval between 12° and 
22® are approximately 2.0, although at one concentration of sodium sulphate 
a value of 2.98 was obtained. 

6. The substances which retard the speed of the reaction are those which 
form molecular addition compounds with the sulphuric acid. This substan¬ 
tiates Taylor’s theory of negative catalysis. 

7. Indirect evidence of an addition compound between triphenylacetic 
and sulphuric acids has been obtained. This leads to an explanation of the 
decomposition of triphenylacetic acid by sulphuric acid based upon the forma¬ 
tion of an intermediate unstable addition complex. 

8. The preparation of sodium triphenylacetate is described for the first 
time. 

9. A concentration-temperature study of the two component system- 
triphenylcarbinol-sulphuric acid—has been made with the isolation of a 
molecular addition compound the formula of which is (C6 Hb)3C0H.4HjS04. 

10. The solubility of triphenylacetic acid in acetic acid at 25® has been 
determined. 

11. The relative ease with which sulphuric acid decomposes oxalic, 
formic, malic, or triphenylacetic acids is given by the critical increment of 
the reactions. 

12. The similarity of the decomposition of triphenylacetic acid by sul¬ 
phuric acid to the decompositions of formic oxalic, and malic acids by the 
same compound has been pointed out with the suggestion that the mechanism 
of the decomposition in each of the four cases is practically the paihe. 

Madison, Wisconsin, 



RENNIN ACTION IN RELATION TO 
ELECTROKINETIC PHENOMENA* 

BY G. A. RICHARDSON AND L. S. PALMER 


Introduction 

The results of many investigational studies relative to rennin and rennin 
action have been reported but the literature has recently been so exhaustively 
reviewed by one of us^ that its repetition is not essential at this time. Rennin, 
when added to milk, converts the calcium caseinate to calcium paracaseinate 
with the ultimate production of a clot. The chemistry of pure casein is al¬ 
most identical with that of pure paracasein, but synthetic caseinate and 
paracaseinate ^^milks” have always shown significant differences especially 
with regard to their sensitivity toward electrolytes. This latter property 
suggested the possibility that rennin might reduce the stability of milk by 
merely lowering the charge on the calcium caseinate micellae in suspension 
in milk. 

An electrokinetic interpretation of the actual clotting has been suggested.^ 
‘^The rule seems to be that the greater the calcium-binding capacity of the 
(casein) particles is, and the further removed they are from saturation with 
calcium, the less calcium ions are required to neutralize their electrical 
charges. This undoubtedly explains in part why sodium ions will clot the 
calcium paracaseinate formed in milk by rennin action.^^ Palmer, interpret¬ 
ing the base-binding curves of casein and paracasein^ considers that calcium 
paracaseinate is relatively much nearer its isoelectric point than the calcium 
caseinate at a pH between 6.0 and 6.4, since paracasein binds considerably 
more calcium at that reaction than does cavsein. Considering the theory ad¬ 
vanced by Palmer, it is assumed that lyophobic sols are stabilized by an 
electrical double layer around each particle. In the case of negatively charged 
sols, as, for example, calcium caseinate and calcium paracaseinate, when the 
outer layer of ions is replaced by the divalent calcium ions, the particles will 
readily precipitate, gelation being detennined by the rate of replacement and 
precipitation. Since the calcium paracaseinate has greater base-binding 
capacity and, therefore, is less saturated with base at the pH where clotting 
occurs, fewer calcium ions are needed to neutralize the stabilizing electric 
charges, and precipitation ensues even when sodium ions replace calcium ions. 

* Contribution from the Division of Agricultural Biochemistry, University of Minne¬ 
sota, published with the approval of the Director as Paper No. 815 Journal Series, Minne¬ 
sota Agricultural Experiment Station; revised from a thesis presented by G. A. Richardson 
to the Graduate School of the University of Minnesota in partial fulfillment of the re¬ 
quirement for the Degree of Doctor of Philosophy, December, 1927, 

^ L. S. Palmer: ^‘Fundamentals of Dairy Science, Associates of Rogers,” 195-210 (1928). 

* L, S. Palmer and G. A. Richardson: Third Colloid Symposium Monograph, 112 (1925). 
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Experimental 

Preparation of Casein. The procedure followed in preparing pure casein 
for the following experimental work was patterned after that adopted by 
Van Slyke and Baker,® advantage being taken of the later modification re¬ 
ported by Van Slyke.^ Three different batches were made, their differences 
existing in the methods of purification. In each case fresh separator skim 
milk was run through a Sharpies supercentrifuge at 40® C. operating at 
30,000 r.p.m. before the first precipitation of casein. 

Casein I. The freshly precipitated and washed casein was suspended in 
distilled water and the acid mixture was added slowly until a pH of 2.5 was 
reached. The clear solution was not centrifuged but was brought back to a 
pH of 4.6 by the slow addition of five per cent ammonium hydroxide. The 
precipitated casein was washed as before, redissolved at a pH of 2.5, using 
five per cent hydrochloric acid, again precipitated with ammonium hydroxide, 
and washed three times with distilled water adjusted to a pH of 4.6 with 
hydrochloric acid. 

Casein II. Freshly precipitated and washed casein was suspended in 
water and dissolved by the addition of five per cent ammonium hydroxide 
with rapid stirring until a pH of 6.8 was reached. The undissolved portion 
was used in the preparation of casein III. The solution was centrifuged in a 
Sharpies supercentrifuge, and the casein reprecipitated from the clear solu¬ 
tion by the addition of five per cent hydrochloric acid. The washing, redis¬ 
solving, and reprecipitating were repeated and the finely divided, snow-white 
precipitate was given final washings similarly to casein I. 

Casein III. The portion of casein II which did not go into solution at 
pH 6.8 was dissolved by adding ammonium hydroxide until a pH of 9.1 was 
reached. Further purification was effected as in the case of casein II. 

As a means of further purification, electrodialysis was resorted to in the 
case of caseins I and II. Each casein suspension at a pH of 4.7 was placed in 
the middle compartment of a three-compartment cell, which compartment 
was separated from the two outer compartments by heavy canvas fabric. 
The outer compartments were filled with distilled water adjusted with HCl 
to a pH of 4.7. Graphite plate electrodes were suspended in the outer divisions 
and a mechanical stirrer was used to keep the casein suspension in the middle 
compartment agitated. Electrodialysis was continued for ten hours, the 
water in the outer compartments being replaced at intervals. Toluene was 
used as a preservative. 

Following this treatment, the casein was allowed to settle and was washed 
with distilled water until free from chlorides. Each lot was in turn treated 
with hot, neutral, 75 per cent alcohol to remove the alcohol-soluble protein. 
Final washings were made with absolute alcohol, ether, absolute ether, and 
finally with petroleum ether. Each sample was dried in vacuo Rt a tempera- 


»L. L. Van Slyke and J. C. Baker: J. Biol. Chem., 35, 127 (1918). 
^ L. L. Van Slyke: Chemical Age, 1924 ,163. 
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ture of about 2 5®C. A fine, white powder which readily passed through the 
loo mesh sieve resulted. The ash content of each lot was extremely low, 
being less than 0.05 per cent in each case. 

Preparation of Pure Paracasein, A method similar to that used in the 
preparation of casein was used in preparing pure paracasein. After running 
the warm milk through the super-centrifuge, it was brought to a temperature 
of 38®C., and a small amount of commercial rennet extract was added. 
Rapid stirring with the mechanical stirrer was employed to prevent the 
formation of a clot. The milk, however, did curdle. From this condition, the 
paracasein was brought to its isoelectric point, and purified by exactly the same 
method as used in the preparation of casein II. The paracasein was never 
subjected to a greater alkalinity than a pH 7.0. The paracasein which was 
obtained was very white and powdery, and passed through the 100 mesh 
sieve without difficulty. The ash content was low, again less than 0.05 per cent. 

Effect of Rennin on Electrical Migration 

In dealing with slow coagulation as contrasted with rapid coagulation, 
Freundlich® attributes the former to the lowering of the potential of the 
particles concerned in coagulation to the first critical potential. It is empha¬ 
sized that for slow coagulation the charges on the particles are not reduced 
to zero potential. That the coagulation of milk by rennin is a slow one is 
beyond doubt. 

Freundlich, dealing with cataphoresis and reviewing the literature thereon, 
^ H H 

sets forth the formula, p == *-, from which it will be seen that the velocity 

4Tr rj 

of migration is directly proportional to the f potential on the particles, 
provided such factors as the potential gradient, the dielectric constant and 
the viscosity remain constant. A few preliminary experiments, using the 
Ostwald pipette and synthetic ‘‘milks,'' confirmed previous reports that 
rennin does not alter the viscosity of the milk prior to the actual thickening. 

Consequently, if rennin does lower the potential of the calcium caseinate 
particles in milk, it should be possible to recognize this change by means of 
cataphoretic measurements. However, instead of using whole milk, or even, 
skim milk which contains many constituents not affected by rennin, it 
should be much preferable to use sols consisting of either calcium caseinate 
in colloidal dispersion or a mixture of calcium caseinate and calcium phos¬ 
phate, both of which are in colloidal dispersion. 

Two methods for determining rates of migration in the electric field were 
adopted. The first of these was concerned with the actual migration and 
subsequent distribution of the protein along a tube after the current had 
passed for a definite period. This was accomplished by dividing the tube 
into sections and analyzing each section for protein both before and after 


»H. Freundlich: “Colloid and Capillary Chemistry,'' 244, 432, 435, 582, 700 (1922). 
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the current flow. The other method was concerned with the linear migration 
of the column of sol along a tube, measurements being made at definite 
intervals. In each of these ways it was possible to compare cataphoretic 
movements in control sols treated with boiled rennin and in sols treated with 
active rennin under identical conditions. 

Cataphoretic Tubes 

Several types of tubes were tried, but U-tubes were found to be most 
convenient. The first satisfactory results were secured using a modification 
of Burton^s cataphoretic tube.® This consisted of a glass U-tube to each 
arm of which was fastened by means of short piece of rubber tubing, a glass 
tube of the same bore as the U-tube, and being divided into two equal parts 
by means of a glass stopcock. Thus, by means of the stopcocks and clamps, 
the tube could be divided into five sections, four of which were of equal 
capacity (ii cc.), the middle one (the U of the tube) being of considerably 
greater capacity (i6 cc.). The total length of the tube was approximately 
75 cm. For the sake of consistency, the sections were numbered consecu¬ 
tively from I to 5, the cathode section always being No. i. 

After filling the tube with the solution to be tested, the ends were closed 
by means of pieces of cellophane securely fastened so as to provide a non- 
leakable tube. A cup-shaped glass compartment was next attached to the 
end of each arm by means of a heavy rubber tube. These compartments were 
made so that they would be in a vertical position when the tube was hori¬ 
zontal. The entire tube, with the exception of the upper part of the outer 
compartments, was immersed in a water bath, provided with a mechanical 
stirrer and intake and outlet tube. The outer compartments were then filled 
with the same solutions as filled the tube itself. Electrical connection was 
made by means of carbon electrodes which dipped into the solution in the 
outer compartments. The current used was taken from a 220 volt D.C. 
power circuit. 

A more satisfactory tube and one which was used exclusively in the later 
experiments was more of the Coehn^ type. It also was U-shaped, was 66 cm. 
in length, and was divided into 6 sections of equal volume (9.5 cc.). The 
same system of numbering was used as in the previous tube. A glass stopcock 
separated sections i and 2; a rubber connection, sections 2 and 3; a glass 
stopcock (the middle of the tube), sections 3 and 4; a rubber tube, sections 
4 and 5, and a stopcock, sections 5 and 6. Thus, it was possible by the proper 
manipulation of the stopcocks and clamps to empty each section in turn. 
The same cup-shaped outer compartments were used with this tube as with 
the former. 

In later experiments a change was made in the electrode cbimections. 
Whenever the ends of the tube were closed with cellophane, the puter com¬ 
partment cells were used. Later when carbon rods were made to dip into the 

®E. F. Burton: Phil. Mag., (6) 11, 440 (1906). 

’ A. Coehn: Z. Elektrochemie, 15 , 653 {1909). 
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end sections, resort was had to rubber stoppers (through which the elec¬ 
trodes passed) and rubber tubing to provide a non-leaking connection. The 
rubber tube was partially filled with mercury into which dipped the outside 
terminals which were also of carbon. This type of connection could be used 
either in the horizontal or the vertical position, and permitted of the im¬ 
mersion of the tube in either position. 

The latter type of tube was used in the studies of the linear migration 
of the entire column although use was made of only the end stopcocks of 
each arm. The tube was supported in the vertical position in the bath 
leaving the upper portion of each arm above the surface of the water, a 
definite amount of solution was introduced, the column was allowed to come 
to rest, and the stopcocks were then closed. By allowing distilled water to 
flow slowly from a pipette down the inside walls of each arm the remainder 
of each tube was then filled with water, leaving a clear dividing line between 
the water and the solution in each arm. Before opening the stopcocks the 
electrodes were inserted into the liquid in the corresponding arm and the 
rubber connections were clamped tightly to the arms; thus, preventing any 
migration of the column due to any differences which might arise in surface 
levels. The stopcocks could then be opened and closed at will without pro¬ 
ducing any change in the level of the boundary layers. 

Methods of Use. Two general methods for comparing migration velocity 
were used. One consisted of allovang the current to pass for a definite 
period, with or without reversal, at the end of which time the stopcocks were 
closed and the rubber tube connections clamped. Each section was then 
emptied, and analyzed for total protein using the Kjeldahl method. Certain 
precautions were necessary. In order to obtain representative samples for 
the nitrogen determinations one drop of concentrated sodium hydroxide 
solution was added to the solution from each section, and the corresponding 
section was rinsed once with its alkali-treated liquid. The anode section 
always contained coagulated protein, which gathered in compact form either 
on the interior side of the cellophane membrane or on the electrode itself. 
Extreme care was exercised in order to remove all of this protein and to get 
it dissolved in the alkaline contents of its corresponding section. Current 
reversal did assist materially in preventing too close packing at the anode. 
It was also noticed that the outside of the cellophane membrane at the 
cathode became thickly coated with protein. 

The second method of making linear measurements of the migration 
of the boundary layer between a solution and the superimposed column of 
pure water when a current was allowed to pass for definite intervals. In 
these experiments current reversals were found advantageous. The practice 
was to allow the current to flow in the forward direction for five minutes, 
reverse for five minutes, and to flow forward for ten minutes. At the end 
of this preliminary treatment the position of the meniscus of the boundary 
layer in the cathode section was considered the zero from which all subse¬ 
quent readings were made. The current was then allowed to flow forward 
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for forty minutes when a reading was taken. This procedure was continued 
as long as desirable. Except in one or two cases (chiefly vAth the calcium 
caseinate-calcium phosphate sols) clear readings could be made at the end 
of reversals. In this way, it was feasible to measure the total distance through 
which the meniscus moved in a definite time. 

There was a tendency for bubbles to gather around the cathode electrode, 
but this difficulty was easily overcome by closing the stopcock in the cathode 
arm, releasing the electrode, refilling the section with water, and replacing 
the electrode before opening the stopcock. No change in the position of the 
meniscus was produced if these precautions were observed. 

Rennin Solutions 

The rennin solutions used in the various experiments had a common origin 
in a commercial product, Marshall’s Rennet Extract. These solutions varied 
with respect to purity, and were graded accordingly, solution No. i being the 
least pure, and so on. The methods of preparation were as follows: 

Rennin Solution No. 1. The commercial extract was dialyzed for twelve 
hours in collodion tubes against running distilled water having a tempera¬ 
ture of about 4°C. The precipitated material was then removed by centri¬ 
fuging and the clear, brown supernatant liquid preserved for use by storing 
in the cooler at 4°C. Owing to its rapid deterioration, this solution had to 
be used when fairly fresh. This solution was always diluted before use— 
a 30 per cent solution of Rennin No. i, for instance, being one in which 30 
cc. of the solution was diluted to 100 cc. by the addition of distilled water. 

Rennin Solution No. 2. The commercial extract was partially purified 
by first dialyzing to remove the bulk of the sodium chloride and then con¬ 
densing in the dialyzing tube by the pervaporation method of Kober,* an 
electric fan being used to hasten the process. When the dialyzed extract had 
been thus reduced to a very viscous consistency, the rennin fraction was dis¬ 
solved in 0.3 per cent hydrochloric acid and the suspended material removed 
by centrifuging. The solution was then neutralized to a pH of 6.4 by the 
addition of sodium bicarbonate. This latter solution was then quickly 
concentrated by blowing warm air over a flat-bottomed glass dish contain¬ 
ing the solution. The resulting thick fluid was stored at 4°C. and consti¬ 
tuted a stock solution. Dilutions were made by adding i cc. of the super¬ 
natant liquid of this stock solution to 10 cc. of water. The activity of this 
dilution was such that i cc. clotted 100 cc. of fresh skim milk at 4o®C in 
from two to three minutes. Fresh dilutions were made for every experiment. 

Rennin Solution No. S. Freshly dialyzed rennet extract was acidified 
with hydrochloric acid to a pH of 4.7 at which reaction the flocculent pre¬ 
cipitate settled quickly leaving an amber-colored, supernatant liquid. The 
finer particles were removed by prolonged centrifuging, only a faint cloudi¬ 
ness persisting. Sodium bicarbonate was added until a pH of 7.24 was 
reached. The resulting solution was very active, i cc. clotting 100 cc. of skim 


» P. A. Kober: J. Am. Chem. Soc., 39 , 944 (1917). 
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milk at 4o°C. in one minute. Four 70 cc. portions were removed, three of 
which were acidified with hydrochloric acid to reactions corresponding to a 
pH of 6.90, 6.44 and 5.36, dilutions being made with distilled water such 
that all four samples would contain the same concentration of enzyme. 

Rennin Solution No, 4 - A still more highly purified solution was prepared 
by acidifying a portion of rennin solution No. 3 to a pH of 4.3, centifuging 
to remove the finely divided suspended material, and again neutralizing with 
sodium bicarbonate. This solution at a pH of 6.4 was so very active that i cc. 
clotted 100 cc. skim milk at 40^(7. in 45 seconds. Three lots of this solution 
were obtained which by careful addition of sodium bicarbonate were brought 
to a pH of 6.4, 6.95, and 7.48 respectively. 

It was observed that both No. 3 and No. 4 solutions rapidly deteriorated 
even when kept cold. Experiments, however, were conducted while the 
solutions were fresh. 

Calcium Caseinate and Calcium Caseinate-Calcium Phosphate Sols 

Two general types of calcium caseinate, or calcium caseinate-calcium 
phosphate, sols were used. These sols were milky white especially when warm 
and their appearance resembled skim milk to a marked degree. 

Type A. It was found quite possible to make perfectly stable calcium 
caseinate sols ranging from a pH of 6.0 to a pH of 8.0 and above. These 
would easily withstand boiling, the only \Tsible effect of the heating being 
an increase in the milky appearance. This type of sol was made by triturating 
pure casein with a saturated calcium hydroxide solution in a mortar until a 
thick paste was made. The amount of alkali solution necessary to bring a 
definite weight of casein to any pH was estimated from the base-binding 
curves of Palmer and Richardson.^ 

The paste was transferred to a wide-rnouth glass jar, diluted with the 
required amount of the calcium hydroxide solution and stirred intermit¬ 
tently with a mechanical stirrer until an equilibrium was reached. If an 
excess of hydroxide was added the pH was reduced by triturating the sol 
with more casein. These sols were always allowed to stand overnight in the 
cooler, which allowed the foam to break and also assured the reaching of an 
equilibrium. The excess protein, if any, was then removed by centrifuging, 
and distilled water was added to give the required dilution. The hydrogen 
ion concentrations, as in all the other determinations, were always measured 
potentiometrically, using the Bailey electrode. These sols neither coagulate 
nor clot when rennin only is added, not even under optimum temperature 
conditions. Check samples of calcium paracaseinate sols were made in es¬ 
sentially the same way. 

Type B. The second type of sol was made by dissolving casein in sat¬ 
urated calcium hydroxide solution as previously described and increasing 
the hydroxyl ion concentration by the addition of the hydroxide solution to 
a pH of from 7.0 to 7.5 depending upon whether it was desired to add much 
or little acid to reduce the pH to that desired. In order to increase the 
hydrogen ion concentration to the desired degree, very dilute phosphoric 
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acid was added very slowly. This was done by adding the estimated amount 
of acid to the required amount of dilution water and adding this to the sol 
from a capillary tip held close to a rapidly rotating stirrer, or while pouring 
the sol repeatedly from one beaker to another. The latter was usually more 
satisfactory on account of the greater foaming induced by the stirring. 

This type of sol would usually clot with rennin at the proper temperature, 
more especially if the pH had been much greater than 7.5. To prevent this, 
resource was had to dialysis or to oxalation. Each of these treatments 
increased the pH, the former only slightly, but it was found that after dialysis 
the necessary amount of phosphoric acid could be added without danger of 
subsequent clotting of rennin. 

Although more than twenty sols were prepared and studied, only a few 
of the representative results will be reported. These varied in protein con¬ 
centration from 1.4 per cent to 3.0 per cent, and in hydrogen ion concentra¬ 
tion from a pH of 6.1 to 7.69. The calcium caseinate-calcium phosphate sols 
were either dialyzed or oxalated before being studied, and all sols were studied 
while still fresh. No preservatives were used. 

All samples were prepared for study in essentially the same manner. 
Equal volumes of sol were warmed to 4o°C. and to each was then added i cc. 
of rennin solution for every 70-100 cc. of sol. They were then allowed to 
remain at 4o®C. for from 15 to 30 minutes, when they were cooled to the 
temperature of the water flowing through the water bath. In order that the 
protein content and the conductivity of the controls should not differ ap¬ 
preciably from the experimental samples; boiled rennin was added to the 
controls instead of active rennin. Both sols were treated in an identical 
manner. The rennin solutions were always tested for activity with skim 
milk. The experiments were conducted at the lower temperatures in order 
that the possibility of proteolysis taking place might be reduced as much as 
possible under the conditions of the experimental procedure. 

The Migration of Protein in the Electric Field 

Eight sols were studied under similar, though not identical, conditions 
and protein analyses were made of the solution in each section of the cata- 
phoretic tubes before and after the current had passed for definite periods. 
The data obtained are shown in Table I. In all cases, good agreement was 
found in the experimental results. In every sol, except No. 3, the con¬ 
centration of protein in the cathode section was reduced to a greater extent 
in the controls than in those sols which had been treated with active rennin. 
There was a corresponding increase in the protein concentration in the anode 
sections although no very definite relationship between the protein lost from 
the cathode sections and that gained in the anode sections could be deter¬ 
mined. However, by computing the number of milligrams of protein in the 
entire tube at the beginning of the experiment, and in the individual sections 
of the tube at the conclusion of the experiment, good agreement was usually 
obtained and practically aU of the protein could be accounted for. 
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It is very evident that there is usually no very consistent uniformity in 
the final concentration of protein in the middle sections, especially in those 
trials in which the tubes were supported in the horizontal position. A plausi¬ 
ble explanation for this lack of uniformity is to be found in the fact that the 
friction offered by the stopcocks and the disturbance in the column attendant 
on the clamping of the rubber connections would be sufficient to yield con¬ 
siderable experimental error especially in the instance of such dilute protein 
solutions. 

Good agreement between the various results, however, is obtained by 
considering only the two end sections of the cathode and anode arms. Suf¬ 
ficient justification for the ignoring of the middle sections is afforded consider¬ 
ing the experimental conditions under which the samples for analyses were 
secured. 

In sol No. 3, greater migration of the protein took place in the sample to 
which active rennin had been added than in the control sample. The pH 
of this sol was 7.1. In this connection it should be remarked that the same 
tendency was noticed in some preliminary experiments with oxalated skim 
milk whose pH was between 7.1 and 7.2. The same irregularity was found 
with sol No. 16 (Table II) whose reaction was similar; namely, pH 7.18. 
The significance of these latter results will be pointed out later. 

Linear Migration by the Boundary Layer Method 

In the first set of experiments, eight sols were studied and the data ob¬ 
tained are shown in Table II. In each sol (except No. 19) whose pH was 
below a value of 6,9, rennin reduced the rate of migration of the boundary 
layer. No. 19 was a calcium paracaseinate sol, and it is significant that no 
difference in the rates of migration was obtained between the rennin-treated 
and the control sols. 

In these experiments, it was found impossible to record the movement 
of the meniscus in the anode arm on account of the fact that coagulation 
occurred there. On reversals, the column did separate from the coagulum, 
leaving an intervening space of water-clear liquid. The latter was replaced 
with sol when the current was again made to flow forward. The repeated 
reversals caused layers or bands of coagulated protein to be formed in the 
boundary region of the anode section. 

A noteworthy observation was made in the experiment with calcium 
caseinate-calcium phosphate sols. In these cases, while the current was 
passing in the forward direction, two menisci were observed to form in the 
cathode section, the main meniscus being the lower of the two. Between 
the two, the liquid was only moderately turbid. Upon reversal the two 
menisci approached each other again, and again separated when the current 
was righted. In this way the turbid zone became wider and ^idfer as time 
passed. Much the same observations were made in the anode section, only 
the conditions were the reverse of the former. This would seem to indicate 
that in calcium caseinate-calcium phosphate sols, two colloidal suspensions 
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*With sols 16 and 17 the readings on reversal were not clear; hence the readings represent the position of the meniscus at the end of 
the forward periods only. 

BR = boiled rennin 
R = active rennin 
RH = active rennin in heated'sol. 
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exist, one of which migrates in the electric field at a greater rate than the 
other. The low concentration of the slow-moving colloid coupled with the 
fact that such behavior was present only in the calcium caseinate-calcium 
phosphate sols would suggest that this colloid is calcium phosphate rather 
than calcium caseinate. Further studies Tvill probably verify this assumption. 

The results of these experiments substantiated in every respect the 
results obtained from the group of experiments in which the migration was 
followed by protein analyses. In every case (except No. 19) when the pH 
of the milk was below a value of 6.9, less migration was noticed in the rennin- 
treated milks than in their controls. At a reaction corresponding to a pH 
of 6.92 the addition of rennin does not appear to exert an appreciable effect 
on the migration velocity. 

When, however, the reaction of the sols corresponded to a pH of 7.18, 
surprising results were obtained. Greater migration was evidenced in the 
active rennin sols than in the controls. 

When the reaction of the sols was still more alkaline, corresponding to 
pH values of 7.51-7.69, no significant differences were observed between 
the rates of migration of the control sols and those to which active rennin 
had been added. If rennin exerts any action on calcium caseinate at these 
lower hydrogen ion concentrations, such action is not revealed by the mi¬ 
gration studies. 

Linear Migration in Heated and in Non-heated Sols at Various 
Hydrogen Ion Concentrations 

It is well known that rennin action as determined by the clotting process 
is considerably retarded in natural milk which has been previously heated 
even to pasteurizing temperatures. It is also recognized that the hydrogen 
ion cbncentcation of milk exerts an influence, not only upon the rate at 
which clotting occurs, but also upon the nature of the clot itself. 

The data obtained in the migration studies having shown that one of the 
fundamental effects of rennin is to reduce the potential of the calcium caseinate 
micellae, it seemed of interest to determine whether migration velocity 
studies using synthetic “milks” would also furnish a basis for explaining, in 
part at least, the influence which the hydrogen ion concentration and pre¬ 
vious heat treatment exert on the clotting process of natural milk. 

For this purpose a series of three sols was prepared in such a manner 
that in all samples the casein was exposed as nearly as possible to the same 
degree of alkalinity. The method of preparation of these sols was funda¬ 
mentally the same as of the type A sols already described. A three per cent 
calcium caseinate solution having a pH value of 7.51 was regarded as a stock 
solution and known as sol 10. Sols 11 and 12 were prepared from this solution 
by triturating portions with varying amounts of casein, and .diluting with 
water to produce a three per cent solution. Thus, sols numtering 10, ii, 
and 12 constituted three samples whose protein content was practically 
identical, but whose pH values were 7.51, 6.92, and 6.14, respectively. 
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Each sol was divided into two 150 cc. portions, one portion of which was 
heated in a boihng water bath for a period of one hour. The heating lowered 
the pH values of sols ii and 12 to 6.85, and 6.12, respectively, no record 
being kept of the effect on sol No. 10. Migration studies were made on the 
heated and non-heated portions of each sol in the manner previously de¬ 
scribed for linear migration measurements, i cc. of rennin solution No. 2 
being added to each 70 cc. of solution, boiled rennin being used in the con¬ 
trols. The results are recorded in Table III. 

The data indicate very clearly that previous heating not only increased 
the rate of migration of calcium caseinate micellae, but also that rennin 
produces a correspondingly greater reduction in the velocity of migration 
in the heated sols, even though the rate is not reduced to the same level as 
in the corresponding non-heated sols. In the case of sol No. 10, whose alka¬ 
linity corresponded to a pH of 7.51, the action of heat was opposite to that 
produced in sols ii and 12. In the alkaline sol, the rate of migration was 
apparently reduced by heating, although the 2.5 degree difference in the 
temperature of the bath in the two experiments no doubt was a factor. 
In addition, some hydrolysis doubtlessly took place at this alkaline reaction 
during the prolonged boiling. What effect this would have on migration 
is difficult to forecast. 

The action of heat on the sols at the neutral or slightly acid reaction is 
of greater importance so far as rennin action is concerned than on the sols 
of abnormal alkalinity. The marked increase in the rates of migration in the 
heated portions of both ii and 12 over the non-heated fractions suggests a 
much greater effect on the lowering of these charges in the case of the heated 
sols, but in no case was the rate of migration reduced as low as that of the 
rennin-treated, non-heated samples. These results not only serve to explain 
the retardation in the clotting process in heated milks, but also lend con¬ 
siderable support in favor of the argument that the effect of heat is on the 
calcium caseinate itself. 

Studies in Migration in Rennin Solutions 

In order to find some plausible explanation for the unforeseen differences 
in migration tendencies of rennin-treated sols above and below a pH of 6.9- 
7.0, a study was made of the behavior in the electric field of rennin itself at 
various hydrogen ion concentrations. A preliminary determination had 
already shown that when the commercial extract at a pH of 7.0 was subject 
to an electrical current protein migrated to both the anode and cathode. 

In view of the fact that rennin dries in straw-colored flakes,® that highly 
concentrated rennin solutions are dark in color, and that during dialysis 
rennin solutions not only become less active but also lighter in color, it was 
assumed that the brown or amber color is associated with the enzyme itself. 
Accordingly it was found easily possible to prepare samples for linear migra- 

® F. Fenger: J. Am. Chem. Soc., 45 , i, 249 (1923). 
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tion studies. The same tube was used. No difficulty was experienced in 
obtaining clear boundary layers between the rennin solutions and the super¬ 
imposed columns of water. 

In the following experiments the purified rennin solutions Nos. 3 and 4 
were used. The four samples of rennin solution No. 3 had hydrogen ion con¬ 
centrations corresponding to pH values of 7.24, 6.90, 6.44, and 5.36. Three 
samples of the more highly purified rennin solution No. 4 with respective 
pH values of 6.40, 6.95 and 7.48 were studied in order to substantiate the 
findings secured with rennin solution No. 3. 

All of the rennin solutions were treated exactly alike, but their behaviors 
were decidedly dissimilar. The method employed was essentially the same 
as for the casein sols, 50 cc. of solution being used in each case, the portions 
of the tube above the surface of each column being filled with distilled water. 
Clear menisci were always obtained. Because of the tendency for gas to form 
around the electrode in the cathode arm the current was reversed for 10 
minutes at the end of every 20 minute forward period. The water in the tube 
was replenished as often as necessary, the same precautions being taken to 
prevent any change in the position of the boundary layer as were used in the 
experiments with casein. 

The migration of rennin above a pH of 7 , 0 . The rennin solution at a pH 
of 7.24 exhibited a marked tendency to migrate toward the anode. The total 
distance through which the meniscus travelled during the entire period cannot 
be stated on account of the fact that readings were too indefinite at the end 
of each reversal period. However, at the end of no minutes during which 
time the current had been reversed for a total of 30 minutes, the meniscus 
in the cathode ami had moved toward the anode a distance of 6.9 mm. A 
grey turbidity had developed at, and penetrated below the meniscus in the 
anode section. This latter was no doubt due to the acidity developed there, 
which caused the coagulation of the acid precipitate impurity still remaining 
in the rennin. 

A second solution, a portion of the more highly purified rennin solution 
No. 4, and which had a pH value of 7.48, was similarly treated. At the end 
of 80 minutes during which time the current had been reversed for 20 minutes, 
the meniscus in the cathode section had moved toward the anode a distance 
of 5.0 mm., which represents a distance of approximately 6.7 mm. in 80 
minutes. This figure corresponds closely with the reading of the former 
rennin solution at the end of the same time. The meniscus in the anode 
section became somewhat more intensely amber colored and moved toward 
the anode. Toward the end of the experiment a faint grey ring formed at 
the meniscus. The temperature in each case was 18.0 d=o.5®C. 

The migration of rennin at a pH of 5 . 36 . This portion of rennin solution 
No. 3 was treated similarly to the two preceding solutions. The experiment 
was run in duplicate. In both cases a grey turbidity appeared at and below 
the boundary line in the anode section. The cathode section presented a 
sharp contrast with that of the previous experiment. Instead of the boundary 
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moving toward the anode, there was a distinct movement in the opposite 
direction; the distance of movement not being determinable at first on ac¬ 
count of the faintness of the meniscus. However, after the current had 
passed for a few minutes, a coffee-brown ring formed at the boundary, be¬ 
coming broader and of a deeper color as time passed. On repeated reversals 
a series of these coffee-brown rings formed and were pushed together in 
much the same manner as were the caseinate rings in the anode section in 
the experiment with casein sols. 

The behaviour of rennin at a pH of 6 . 44 - The same procedure was followed 
as in the previous experiment with much the same results. The meniscus 
in the cathode section moved toward the cathode for a very short distance, 
and as the run progressed the coffee-brown ring formed, grew deeper in color, 
and broadened into a band a few mm, in width as the succeeding rings formed 
and were pushed together. The cloudy band appeared in the anode section 
as in the previous experiments. The amber color appeared fainter below the 
meniscus in the anode section. 

In order to repeat this experiment a composite sample was made from 
portions of rennin solution No. 3, and this was brought to a pH of 6.35. The 
result was identical with the former, a visible piling up of the brown color 
occurring around the meniscus in the cathode arm. The procedure was then 
reversed by reversing the current for 20 minutes and allowing it to flow for 
10 minutes in the forward direction. The brown color gradually faded from 
the former cathode section and a characteristic amber colored layer appeared 
above the old meniscus in the anode section. 

The same results were secured with a portion of the still more highly puri¬ 
fied solution No. 4. This sample had a pH value of 6.4, and was a highly 
active solution (i cc. clotted 100 cc. of skim milk in 45 seconds). 

The migration of rennin at a pH of 6 . 9 - 7 . 0 . Three experiments were 
conducted in which two portions of rennin solution No. 3, which had a pH 
value of from 6.90 to 6.91, and a portion of solution No. 4, whose pH value 
was 6.95, were used. All of these solutions were highly active. 

In none of these three solutions could any movement of either boundary 
layer be detected, even though the current was passed for 80 minutes. The 
only visible indication of the presence of a current was the narrow grey band 
which formed at the meniscus in the anode section in each case. 

The data collected from these experiments with purified rennin solutions 
of varying hydrogen ion concentrations show that the direction of migration 
of rennin in the electric field changes within a zone of hydrogen ion concen¬ 
tration corresponding to pH values of 6.90 and 7.0. At a pH of 7.24, for in¬ 
stance, the migration of the rennin solution was toward the anode, indicating 
that the amber-colored element carried a negative charge. The same result 
was obtained with the rennin solutions at a pH of 7.48. With the two samples 
having pH values of 6.90 and 6.95, no movement in the electric field could be 
observed, which indicated the presence of an equal number of positive and 
negative charges on the colored particles. This observation would lead to 
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the conclusion that the isoelectric point of rennin lies within the zone of 
reaction corresponding to these pH values. In order that the definite iso¬ 
electric point may be determined, a somewhat more highly refined technique 
would be required. 

In the experiments with rennin solutions on the acid side of pH 6.9, the 
migration of the rennin was clearly in the direction of the cathode, indicating 
an excess of positively charged colloid ions. 

Discussion 

From the results obtained it is quite evident that the action of rennin is 
related to the electrical charges on the caseinate micellae which action cul¬ 
minates in a lowering of potential differences beyond the point where stability 
is possible. 

Freundlich,® discussing slow and rapid coagulation in colloidal solutions 
by means of electrolytes, distinguishes between two critical potentials. 
In order for flocculation to be definitely started the first critical potential 
must be attained. If the stabilizing f potential is still further reduced to 
the point where it becomes zero, the second critical potential is reached. 
“Slow coagulation takes place between the first and second critical poten¬ 
tials, in a range of concentration of the coagulator which causes a lowering 
of the potential of the micellae below the original in a range, therefore, in 
which they are partially but not completely discharged. We are still at 
some distance from the isoelectric point.^^ 

The transformation of a sol into a gel is really the coagulation of the sol 
under specific conditions. According to Freundlich^ (p. 700) and Weiser^° 
the first prerequisite for the formation of a gel is a sufficient concentration 
of the micellae; otherwise, flocculi will separate. Furthermore, the micellae 
must be lyophilic and remain so upon coagulation. Under these conditions, 
during coagulation, the micellae either bind large quantities of water mole¬ 
cules, or merely envelope them. In this way, only ultramicroscopic layers of 
the dispersion medium separate the coagulated but still ultramicroscopic small 
micellae from one another. A gel is formed. That this is exactly what happens 
when rennin acts upon diluted milk is at once apparent to anyone who has 
watched the coagulation of the caseinate micellae in the ultramicroscope. 

It has already been postulated by Palmer and Richardson^ that calcium 
caseinate and calcium paracaseinate in solution at the hydrogen ion concen¬ 
trations of fresh milk are striking examples of colloidal dispersions inter¬ 
mediate between lyophobic and lyophilic sols, dispersing in water like the 
latter, yet retaining their visibility in the ultramicroscope and their coagula¬ 
bility by cations. 

It is quite evident, then, that if by the addition of rennin to a stable col¬ 
loidal dispersion of calcium caseinate, a condition of such instability is in¬ 
duced that a lower concentration of precipitating ions would be required for 
coagulation than for the original solution, then clot formation would occur if 

B. Weiser: J'irst Colloid Symposium Monograph, 38 (1923). 
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sufficient micellae were present, and if the concentration of precipitating ions 
was such that only a slow coagulation would ensue. In this connection, we 
have already demonstrated^ that 4 per cent calcium caseinate solutions to 
which 20 cc. of I per cent calcium chloride solution have been added for 
every 100 cc. of milk produce typical clots when treated with dilute rennin 
solutions. 

The contention advanced by Porcher^^ that the presence of a second col¬ 
loid is necessary before gelation will take place is not supported by our find¬ 
ings. With very dilute calcium caseinate solutions the concentration of 
the micellae is insufiicient to permit of a clot being formed, but with solutions 
as concentrated as 4 per cent, or even 3 per cent, gelation will occur provided 
precipitation is sufficiently slow. 

It is well known in colloidal chemistry that flocculation is induced in 
lyophobic sols by the addition of small quantities of certain lyophilic sols. 
For instance, Freundlich® (p. 582) has shown that when electrolyte-free 
gelatin is added in small concentration to a negative lyophobic sol, a con¬ 
dition of greater stability is induced. Flocculation may or may not occur, 
depending upon the relative concentrations of the micellae and of the elec¬ 
trolytes present as well as upon the charge on the micellae. The decrease in 
stability in these cases is indicated not only by the change in color of the 
sols but also by the decrease in the concentration of electrolyte necessary to 
effect flocculation. This sensitization of lyophobic sols, however, has been 
found only in the case of lyophilic sols which under the experimental con¬ 
ditions were able to yield oppositely charged colloid ions. It is the opinion 
of Freundlich, therefore, that albumin, being amphoteric, should provide in 
neutral solutions sufficient colloidal cations and anions to sensitize both 
positive and negative lyophobic sols. 

The data obtained from the experiments with calcium caseinate sols and 
with rennin solutions indicate that the clotting of milks by rennin can best be 
explained on the basis of colloidal reactions. That rennin is a lyophilic colloid 
is evidenced by its great insensitivity toward electrolytes, and by its homo¬ 
geneous appearance in the ultramicroscope. Rennin solutions are stable 
even in saturated sodium chloride solutions. Migration studies have shown 
it to have its isoelectric point within a zone corresponding to pH values of 
6.9-7.o. Above a pH of 7.0 its migration toward the anode indicates that 
this colloid is negatively charged. Below a pH of 6.9 the migration is in the 
opposite direction, indicating positively charged micellae. Calcium caseinate 
micellae at every reaction studied migrated toward the anode. 

Consequently, when a dilute rennin solution is added to a calcium caseinate 
solution below a pH of 6.9, the positively charged rennin ions neutralize part 
of the negative charges carried by the caseinate micellae. When this hap¬ 
pens, if cations are present in sufficient concentrations, then a slow coagulation 
takes place. Divalent cations being greatly superior to monovalent cations 
in their precipitating power, a lower concentration of the former suffices to 

“ Ch. Porcher: Pub. Soc. Chimie biol,, 1926 , No. 6. 
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bring about coagulation in the calcium caseinate, or calcium caseinate-calcium 
phosphate sols. We have previously^ demonstrated, however, that the addi¬ 
tion of relatively small amounts of a saturated sodium chloride solution is 
sufficient to produce gelation in calcium paracaseinate sols in exactly the same 
way as does the addition of rennin to calcium caseinate milks under condi¬ 
tions suitable for clotting. 

That the addition of rennin to calcium solutions does lower the potential 
on the micellae in suspension was demonstrated in our experiments in every 
solution whose pH was less than 6.9. In every case whether the determina¬ 
tion was made by actual protein analysis, or by the linear migration of the 
boundary layer, it was found that the addition of rennin reduced the rate of 
migration in each type of tube used in the cataphoresis studies. 

As was to be expected, different results were obtained in those caseinate 
sols whose reaction was in the range where clotting does not occur in natural 
milk. In those sols whose reaction fell within the isoelectric zone of rennin, 
no significant difference was found between the rates of migration in the 
treated and control tests. In those sols, however, whose reactions were 
slightly above a pH of 7.0, the rates of migration were reversed, and rennin 
appeared to exert a favorable effect on migration. This would indicate that 
rennin instead of sensitizing a caseinate solution on the alkaline side of neu¬ 
trality, acts as a protector. This would seem a plausible explanation since 
at a pH above the isoelectric point of rennin there are present negatively 
charged caseinate micellae and negatively charged rennin micellae. Under 
such conditions the rennin micellae could not well sensitize the calcium 
caseinate. 

The sols at the pH value of 7.5 and above behaved the same as those at a 
pH of 7.0 with the exception that no appreciable difference could be estab¬ 
lished in the rates of migration of the caseinate and the paracaseinate sols. 
This is quite in conformity with the accepted ideas that gastric rennin does 
not act in alkaline reactions. 

While the results of the migration studies with calcium paracaseinate 
sols will not permit of comparison with those with calcium caseinate sols, as 
far as the actual values for f potential are concerned, since we are deahng 
with individualistic sols, yet they do serve to explain certain characteristics 
of paracaseinate sols. That they do not clot with rennin is due to the fact 
that the addition of rennin does not lower the potential on the micellae as is 
evidenced by the fact that no significant differences in the rates of migrations 
exist between the rennin-treated and the control tests, even at such an 
optimum reaction as a pH of 6.45. Thus the addition of rennin does not in¬ 
duce a condition of instability. That paracaseinate sols are more sensitive 
to the addition of electrolytes, even sodium chloride, than caseinate milks 
is doubtlessly due to the fact that the electrical charges carried by the para¬ 
caseinate micellae are relatively much smaller than is the case with the 
caseinate micellae. This is very evident when their relative velocities of 
migration are compared. 
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The data obtained from the cataphoresis experiments with heated sols 
are interesting not only because they substantiate the results obtained with 
non-heated sols, but also because they explain why a higher concentration of 
calcium ions is necessary to bring about normal gelation in heated milk than 
in natural raw milk. In every case studied, with the exception of the most 
alkaline sols, previous heating increased the rate of migration of the micellae. 

The action of heat on the synthetic ^‘milk^^ seems to be one of stabilization, 
the result of an increase in the f potential of the caseinate micellae. These 
charges are reduced when rennin is added, but the reduction is insufficient 
to allow the calcium ions present to effect precipitation in the normal time. 
Either precipitating ions must be added, or a longer time allowed for clotting 
to occur. What effect an increase in the amount of rennin added would have 
on the time of clotting of these ^^milks^^ has not been studied. The effect of 
heat is clearly due to its action on the caseinate particles themselves. This 
interpretation of the effect of heat very definitely overthrows Marui^s'^ 
conclusion that heating increases the protective action of the casein for the 
calcium phosphate dispersion to such an extent that rennin can not reduce 
this power suflBiciently to allow the precipitating ions to coagulate the calcium 
phosphate. Marui had only indirect evidence in support of his argument. 
Marui, however, was the first to prove definitely that the effect of heat on 
milk was due to its action on the caseinate of milk. What the effect was he 
did not determine. 

Conclusions 

1. The isoelectric point of rennin as determined by cataphoretic method 
lies between the pH values of 6.9 and 7.0. 

2. The addition of rennin to caseinate solutions having pH values be¬ 
tween 6.1 and 6.9 reduces the rate of migration of the caseinate micellae. 
This indicates that rennin lowers the electrical charge on negatively charged 
semi-lyophihc micellae. 

3. The addition of rennin to caseinate solutions of pH values from 7.0 
to 7.25 increases the rate of migration of the caseinate micellae. At the pH 
values of 7.5 and 7 69 no appreciable change in migration is produced. 

4. The addition of rennin to calcium paracaseinate solutions of pH 6.45 
does not change the velocity of migration. 

5. Previous heating of neutral and slightly acid caseinate solutions 
results in an increase in the rate of migration which indicates an increase in 
the charge of the protein micellae. It is well known that a greater concen¬ 
tration of electrolyte is necessary to cause precipitation of casein in heated 
than in non-heated milks. The effect of heat in this case is clearly on the 
calcium caseinate. 

6. The action of rennin on heated calcium caseinate sols is one of de¬ 
creasing the velocity of migration in the electric field. Inasmuch, however, 
as the reduction does not reach the low level which is reached in the rennin- 
treated but non-heated sols, this explains why the addition of calcium 
chloride to boiled n atural milk facilitates its clotting with rennin. 

“ S. Marui: Biochem. Z., 173 , 363, 371, 381 (1926). 



A CRITICAL CONSIDERATION OF SOME SCHEMES OF 
FRACTIONATION* 


BY ARTHUR A. SUNIER** 

During the course of another research it was necessary to fractionally 
evaporate molten cadmium rather extensively in a high vacuum. The dif¬ 
ficulty of experimentation made it the more necessary to choose a scheme of 
fractionation which would give the greatest yield with the least possible 
effort. A rather careful search of the literature has shown that no thorough 
study of fractionation schemes has been recorded. Since many different 
schemes were considered in the course of the experiments mentioned above, 
it was thought desirable to give the results of these critical considerations, 
especially since the work was both new and valuable in other fields of re¬ 
search. 

It will be every evident to all, that the simplest scheme of fractionation 
from the standpoint of ease of manipulation is one in which half of the ma¬ 
terial is evaporated, and thus half is left as residue: such a scheme' employs 
cuU of two. All of the schemes to be presented in this paper will be modifi¬ 
cations of the general scheme of cuts of two. 

Four cases have been recognized in the various schemes to be considered. 
These are illustrated in Figs. lA, B, C" and D. Comparing these figures it 
is soon noticed that lA is characterized by the fact that arrows proceed 
from the circles of all the zero material fonned; this means that all the zero 
formed has been redistilled and thus reworked into the scheme of fractiona¬ 
tion; this case will be referred to as: zero included. In Fig. iB, however, 
the arrows are found to j)oint to the circles of the zero material formed, but 
not away from the circles; this shows that the zero material has not been 
redistilled and hence it has not been reworked into the scheme of fractiona¬ 
tion; this case will be referred to as; zero not included. Similarly in Fig. 
I C, the zero and Li material has not been redistilled so this case will be 
called: zero and Li not included. For the case illustrated in Fig. i D the 
name given is: zero, Li and L2 not included. The designations Li, Hr, 
L2 etc. mean simply one arbitrary unit light, one unit heavy, two units 
light etc. The absolute magnitude of the unit will naturally vary with the 
material used, but since cuts of two are being considered the conclusions 
drawn later should be applicable to any material regardless of the magnitude 
of the unit. 

* Contribution from the Chemical Laboratory of the University of Rochester. 

** Presented in part at the Symposium on Physical Chemistry held in Rochester, New 
York, in January 1923. 

^ Lord Rayleigh (Phil. Mag. (5), 42, 493 (1896)) and Mulliken and Harkins (J. Ain. 
Chem. 80c., 44, 37 (1922)) have recognized that cuts of two make for symmetry of the 
fractions and thus make for a most practical scheme of fractionation. 
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A closer examination of Fig. i A reveals the fact that on working the first 
row, the yield is 20 grams of L8, for the second row an additional 40 grams 
of L8 and so on until the sixth row is seen to yield 74.3 grams of L8, nearly 
four times the yield of the first row. The yield for all six rows is 325.3 grams 
of L8, a quantity over fourteen times larger than the yield obtained on work¬ 
ing the first row alone. The yield obtained in any given scheme of fractiona¬ 
tion is of course a very important factor, but there are others which are im¬ 
portant too; these will be considered immediately. 

In order to obtain the 20 grams of L8 from 5120 grams of zero material 
(by working only one row), 5100 grams of cadmium must be evaporated; 
this is obtained by adding up the amounts evaporated in each step which are 
2560, 1280, 640, 320, 160, 80, 40, 20. In order to obtain the next 40 grams of 
L8, on working the second row, only 3780 grams of cadmium must be evap¬ 
orated; the amounts evaporated in each step are: 1280, 960, 640, 400, 240, 
140, 80, 40. The yield per gram evaporated has dropped from 255 to 94.5 
(see Table I), a very decided drop and a very important one. Since the rate 
of evaporation must usually be kept at a minimum it is soon evident how 
important this factor becomes in any large separation which might be at¬ 
tempted. Several other factors will be discussed later. 

The above two paragraphs have dealt with just one case— zero included 
(in the production of L8). For the other three cases, Figs, i B, C and D 
should be consulted. In Table I will be found the important quantities such 
as yield, grams evaporated, and yield in relation to the grams evaporated, 
for each of the four cases. It will suffice to call attention to Fig. 2 where 
some of these factors, for all four cases, are compared graphically. Curves 
with maxima or minima should be studied carefully. For instance in Fig. 
2 A it is seen that it would not, in general, be advisable to work more than 
four rows in the case— zero, Li and L 2 not included, but for zero in¬ 
cluded perhaps some fifteen rows might be worked with great success. 
The graph. Fig. 2 D, of grams evaporated per gram yield is a very interesting 
and important one. It will be dealt with later on. 

The results of calculations on the production of Lio are presented in part 
in Fig. 3. A careful study of these figures shows the results are even more 
favorable than those obtained in the preceding cases. The maxima in Fig. 
3A are found to be farther to the right than those in Fig. 2A. For zero in¬ 
cluded 38 grams of Lio are produced on working only the sixth row in 
place of 5 grams of Lio, on working the first row—an increase greater than 
7 fold. Other very interesting results could be pointed out, but space does 
not permit. 

The results of similar calculations on the production of L6 and L4 will 
not be presented in detail, since it is felt that the results are not important 
enough to warrant space for all the data accumulated for these cases.^ 

^Complete calculations may be found in the thesis (Univ. of Chicago 1925) of the 
author. 
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CONSIDERATION OF SCHEMES OF FRACTIONATION 581 

In Fig. 4 one factor, namely yield, is considered for two cases. The 
results are placed on a common basis; this being that the yield for the first 
row is called ioo%, yields for other rows being figured as percentages of the 
first row yield. In Fig. 4A the results for Lio, L8, L6 and L4 are compared 
for the case zero included. The great advantage gained on working several 
rows for the production of L8 and especially Lio is readily grasped. In Fig. 
4B the case zero not included is considered. For this case the yields are 
not so favorable as in A, but the general shape of the curves is much the same; 
maxima occur in different places as would be expected. The dotted line in 
B, extended two more rows, show the course of the curves to eight rows; 
the calculations will not however, be given at this time. Although for this 
one factor, yield, the case zero included is the more favorable case, this 
will not prove to be true when other factors are considered. 


Table I 
Work on L8 


Case 

Rows 

Worked 

Yield in 
Grams for 
Each Row 

Cumula¬ 

tive 

Yield 
in Grams 

Grams 
Evaporated 
for Each 

Row 

Cumulative 

Grams 

Evaporated 

Grams 
Evaporated 
per Gram 
Yield 

Zero 

I 

20 

20 

5100 

5100 

255 

Included 

2 

40 

60 

3780 

8880 

94-5 


3 

55 

115 

3405 

12285 

62.0 


4 

65 

180 

3180 

15465 

49.0 


5 

71 

251 

3010 

18475 

42.5 


6 

74.3 

3253 

2831 

21306 

41.6 

Zero 

I 

20 

20 

5100 

5100 

255 

not 

2 

30 

50 

1230 

6330 

41.0 

Included 

3 

32.5 

82.5 

877-5 

7208 

27.0 


4 

31.2 

II 3-7 

686.0 

7894 

21.9 


S 

28.4 

142.1 

557-7 

8452 

20.3 


6 

25-1 

167.2 

462.5 

8914 

18.5 

Zero 

I 

20 

20 

5100 

5100 

255 

and Li 

2 

25 

45 

595 

5695 

to 

bo 

not 

3 

23-7 

68.7 

411.2 

6106 

17.4 

Included 

4 

20.6 

893 

310.5 

6417 

15-1 


S 

17.2 

106.5 

243.2 

6660 

13.6 


6 

14.2 

120.7 

193.8 

6854 

13-7 

Zero 

I 

20 

20 

5100 

5100 

255 

Li and La 2 

20 

4 Q 

280 

5380 

14.0 

not 

3 

16.2 

56.2 

183-7 

5564 

II.4 

Included 

4 

12.s 

68.7 

131.2 

5695 

10.5 


5 

9*4 

78.1 

96.8 

5792 

10.2 


6 

71 

85.2 

72 . I 

5864 

10.1 
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In Fig. 5A, the factor, grams evaporated per gram yield is considered. 
In this graph, the first case (zero included) is considered 100% and all 
other data is referred to this. Then too, the results presented are for all 
six rows being worked. The most favorable of the four cases (for any given 
curve) will be that one which is the lowest point in the curve. It so happens 
that for the production of L6, L8 and 
Lio, case 2 is the most favorable.^ The 
saving in choosing case 2 instead of 
case I, for the production of Lio is 
seen to be very nearly 24%, a quantity 
by no means to be neglected in a 
comprehensive scheme of fractionation. 

Table II gives the data which have 
been used in Fig. 5A. 

In all calculations presented above 
the distillations were carried out on 
the light fraction alone (it is assumed, 
however, that in all cases where the 
zero material is reworked that the heavy 
fraction has been carried along also). 

Usually it is desirable to work on the 
heavy fraction also, since some saving 
in time results and of course eventu¬ 
ally fractions are obtained which should 
have just twice the separation that 
would be obtained on working the light 
fraction alone. This being true it was 
thought desirable to consider two fact¬ 
ors and two cases involved in the pro¬ 
duction of a definite quantity of L8 and 
H8; this quantity was arbitrarily chosen 
as 100 grams of each. The two factors 
which arc considered arc first, the grams 
evaporated per gram yield, and second, 
the amount of original material required 
to give the desired result; the latter factor 
being a new one and an important one. 

The two cases presented are zero includ¬ 
ed and ZERO not included. Fig. 5B 



Fig. 5 


and Table III should be consulted in this connection. The graph shows that 
case i is the more favorable when considering the factor of original material 
required, while case 2 is the more favorable when considering the grams 


1 It is almost certain, however, that if L16 or L20 were being formed the position of 
the minimum would be shifted to the right: in other words case 3 or case 4 would be the 
most favorable. Calculations along these lines have been completed for some time and 
may be presented for publication in the near future. 
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Table II 



Case 

EvETOration per Gram 

Yield for 6 Rows worked 



Grains 

% of First value 

Work 

Case I 

10 

H 

100.0 

on L6 

Case 2 

24-3 

89.7 


Case 3 

26.6 

98.0 


Case 4 

34.4 

127.0 

Work 

Case I 

655 

100.0 

on L8 

Case 2 

53*3 

81 .5 


Case 3 

S6.8 

86.8 


Case 4 

68.8 

105.1 

Work 

Case I 

161.1 

100.0 

on Lio 

Case 2 

122.8 

76.2 


Case 3 

126.0 

78.2 


Case 4 

145-S 

96.2 


Table III 


Object; To prepare too Grams L8 and loo Grams H8 


Rows 

worked 

Case 

Original Material 
Required 

%of 

Grams First Row 

Material 

Evaporated 

%of 

Grams First Row 

I 

Case I 

25600 

100.0 

38200 

100.0 


Case 2 

25600 

100.0 

38200 

100.0 

2 

Case I 

8533 

33-3 

23200 

60.8 


Case 2 

10240 

40.0 

20200 

53*0 

3 

Case I 

4460 

17.4 

17200 

45*0 


Case 2 

6200 

24.2 

14350 

37*6 

4 

Case I 

2842 

II. I 

14100 

36.9 


Case 2 

4500 

17.6 

11640 

30. s 

S 

Case I 

2046 

8.0 

12200 

31*9 


Case 2 

3600 

14.1 

lOIOO 

26.4 

6 

Case I 

1575 

6.15 

10950 

28.6 


Case 2 

3060 

12.0 

9130 ^ 

^ 23.9 

7 

Case I 

1280 

5.0 

lOIOO 

26.4 


Case 2 

2700 

10.5 

8480 

22.2 
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that need to be evaporated in order to obtain the desired result. If the 
material being distilled or diffused is very expensive, case i would no doubt 
be chosen, while case 2 would be chosen if a particular element had to be 
distilled exceedingly slowly in order to attain a fair separation. It is evident, 
then that these two factors should be considered carefully before deciding 
on any scheme of fractionation. 

The general conclusions to be drawn from these critical considerations 
are: 

(1) The scheme of fractionation should, in general, be carried outward 
in both directions as far as possible. 

(2) The number of rows worked should, in general, be large. 

(3) The more important factors which should be carefully considered 
in any scheme are: 3aeld, grams evaporated per gram yield, and the quantity 
of original material needed to give the desired yield. It is hoped that the 
above considerations and conclusions will prove to be of value in other fields 
of research, such as rare earth separation, which usually involves many hun¬ 
dreds of recrystallizations. 

It is a pleasure to acknowledge that this problem is an outgrowth of 
another problem suggested by Professor W. D. Harkins, of the University 
of Chicago. 

For an application of the principles laid down in this article the reader is 
referred to the work published (since this article went to press) by Harkins 
and Mortimer (Phil. Mag. 6, 6oi (1928), especially pages 619 to 623). A 
printed abstract of the author’s thesis, referred to above, has also appeared 
(Univ. Chic. Abst. Theses. Sci. Ser. 4, 173 (1925-1926). 



THE SOLUBILITY OF GALENA AND A STUDY OF SOME LEAD 
CONCENTRATION CELLS* 


BY LESLIE F. NIMS AND WALTEH D. BONNER 

Various investigators have reported on the solubiUty of galena in water, 
but the results they report are not in good agreement with one another. 
Table I Usts the solubilities reported. 


Table I 


PbS Pp’t’d. 

Moles per 
liter H2O 

3 .6 Xio~* 

Galena, Freiberg 

i.2iXio-« 

Galena, Artificial 

I. 2 lXlO-« 

PbS Pp’t’d 

1.25X10'* 

PbS 

5.5X10-* 

PbS 

5.IXIO-* 

PbS 

2X10'** 


t°C Investigator and Reference 

i8“ Weigel: Z. physik. Chem., 58 , 288 (1907) 

jgO ft ft ft tt ft ft 

jgO tt tf tt tt ft ft tt 

25® Hevesey and Paneth: Z. anorg. Chem., 
82 , 323 (1913) 

18® Biltz: Z. physik. Chem., 58 , 288 (1907) 
25® Knox: in Mellor: Comp. Treat. Inorg. 

and Phys. Chem., 7 , 789. 

18® Treadwell-Hall: Anal. Chem., 1, 22. 


In this investigation the solubility of galena has been determined by a 
method involving the use of concentration cells containing a liquid junction. 
In a cell of the type: 


Pb(Hg), Pb++(ai) II Pb++ (a*), Pb (Hg) 


the electromotive force due to the difference in concentration is given by the 
famiUar equation: 


2F &i 


(l) 


and the electromotive force of the liquid junction may be estimated by 
means of the equation: 

Ac Aa 

Ei,‘=yc_ Va.RTj az (2) 

Ac + Aa F ai 

where Ac and Aa are the ionic conductances of the cation and of the anion 
respectively and Vc and Va are the valences of the cation and of the anion. 

The experimental work was done on cells which did not have the same 
anion on both sides of the liquid junction. It was thought necessary, there¬ 
fore, to show that the electromotive force of the cells could 4)6 calculated 


* Contribution from the Chemistry Department, University of Utah. 
> Noyes and Sherrill: “Chemical Wnciples,’’ p. 263 (1922). 
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from equations i and 2 if we modified equation 2 so that the term Aa was 
replaced by the arithmetical mean of the two anion conductances, A** 

2 

To do this, the following cells were studied: 


A. Pb(Hg), PbCl2 (Sat) ilPbBra (Sat), Pb(Hg) 

B. Pb(Hg), PbCl2 (Sat) II Pbl2 (Sat), Pb(Hg) 

C. Pb(Hg), PbBr2 (Sat) || Pbis (Sat), Pb(Hg) 

It was found that such a modification 
with the measured values. 

Next the electromotive force of the 
cell: 

D. Pb(Hg), PbS04 (Sat) || 

PbS(Sat), Pb(Hg) 

was measured and by means of equations 
1 and 2 the activity of the lead sulphide 
in a saturated water solution was obtained. 

Materials and Apparatus 

Ijead bromide, lead iodide and lead sul¬ 
fate were prepared from cold dilute solu¬ 
tions of the corresponding potassium salt 
(Merckxs blue label which had been puri¬ 
fied by recrystallization) by precipitation 
with purified lead nitrate. The precipi¬ 
tated lead salts were further purified by 
washing five times with conductance water. 

The lead chloride (Kahlbaum^s) was fur¬ 
ther purified by washing with conduct¬ 
ance water. 

The galena, from Montezuma, Colorado, was very pure and was washed 
with a dilute solution of ammonium acetate to remove surface oxidation 
products. 

The lead amalgams were made by electrolysing a io% solution of pure 
lead nitrate with mercury as a cathode. The current employed was 20 mil- 
liamperes and the amalgams contained 3.3% of Lead. 

The cells employed are illustrated in Fig. i. Cotton plugs were placed 
at the liquid junctions to prevent the washing of the liquids from one ann of 
the cell to the other. 

The electromotive force of the cells was measured by means of a Wolff 
potentiometer and a carefully checked Weston standard cell. Each cell was 
measured after it had stood in a thermostat at 25® ±0.1® a sufficient time to 
attain equilibrium as indicated by a constant e.m.f. The e.m.f. reported is 
the mean e.m.f. of at least two and in most cases three cells which differed 


would give values in agreement 
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by less than i% among themselves. The cells when carefully made proved 
readily reproducible and would maintain a constant e.m.f. for a period of two 
days or more after which the e.m.f. would begin to drop due to the diffusion 
of the electrolyte from one arm to the other. 

Experimental Results 

The e.m.f. of the cells was measured and also calculated by equations i 
and 2. The constants necessary to carry out the calculations are given in 
Tables II and III and the results are tabulated in Table IV. 

It will be noticed from the above table that the agreement between the 
calculated and observed valves of the e. m. f. is good when it is remembered 
that the calculation for the liquid junction potential is only an approximation. 
The discrepancy in the lead chloride—^lead bromide cell may be due to the 
e. m. f. of the cell itself being small and any extraneous e. m. f’s. either at the 
liquid junction or at the electrodes themselves would consequently be a large 
part of the total quantity. It must also be remembered that the activities 
of the lead halides are not accurately known. 

A few measurements were made on some lead cells in which the anions 
present were of different valence. A similar modification of equation 2 as 
proposed for the case where the anions present were of the same valence did 
not lead to a good correlation between calculated and measured values of the 
e.m.f.’s. Hence only the measured e.m.f.'8 of these cells are listed in Table V. 


Table II 


Salt 

Solubility at 25®C. 
grams/1000 grams 
HjO 

Moles/iooo grams 
H2O 

Activity 

Coeff.7 

Activity 

a 

PbCU 

10.842^ 

3.913 X IO-* 

0.39* 

1.576 X io~* 

Pbl2 

0.764^ 

1.657 X lo"’ 

0.71^ 

1.177 X 10”* 

PbBrj 

9-744‘ 

2.655 X io“* 

0.41^ 

1.089 X io“® 

PbS 04 

0.04s’ 

1.44 X io“* 

0.83*^ 

1.196 X io~^ 


‘ Lichty: J. Am. Chem. 80c., 25, ^4 (1903). 

* Beck and StegmuUer: Arb. kais. Gesundh., 34,446 (1910). 

’ Brdnsted: Z. phyaik. Chem., 56, 645 (1907). 

‘ Lewis and Bnghton: J. Am. Chem. Soc., 39,1906 (1917); Lewis and Randall: “Ther¬ 
modynamics,” ^4 (1922). 

‘ Lewis and Randim: Ibid, 344 Table I. 


Table HI* 


Ion 

Ionic Conductance 
at 25“C 

Ion 

Ionic Conductance 
at 25®C 

Pb++ 

72.8 

I- 

763 

ci- 

75-2 

SO-- 

78.4 

BF 

77 -S 

S" 

91.0 


‘ The values in Table HI are taken from Noyes and Sherrill: “Chemical Principles,” 
120, except that for the sulfide ion which was calculated from data presented in “Phjrsikal- 
ischen-chmnisohen Tabellen: Landolt-Bfimstein-Roth, 4th Edition np. 1097 and 1124, 
TabeUen 240 and 249. 
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Calculated 
CeU Ec 

A 0.00476 

B 0.0333 

C 0.028s 


Table IV 

Observed 

El, E=*Ec—Ei, E 

— 0.00255 0.0073 0.0077 

— 0.0176 0.0509 0.0495 

— 0.0154 0.0440 0.0420 


Table V 

Cell Observed E 

Pb(Hg), PbCU (Sat) II PbS04 (Sat), Pb(Hg) o. 1030 

Pb(Hg), PbBrs (Sat) || PbS04 (Sat), Pb(Hg) 0.09S5 

Pb(Hg), Pbl2 (Sat) II PbS04 (Sat), Pb(Hg) 0.0530 


Determination of the Solubility of Galena 

The electromotive force of the cell:— 

Pb(Hg), PbS 04 (Sat) II PbS(Sat), Pb(Hg) 

(X) 

was detennined to be 0.0670 at 2 5®C. If we add algebraically equations i and 
2 we get: 

E = Ec — El (3) 

Ac _ Aa 

Vc Va RT, a (4) 

Ac + Aa J “F X 

Using the proposed modification to take care of the different anions pres¬ 
ent, and substituting in equation 4 the constants from Tables 3 and 4 we have: 



0.0670 = 


72 8 84.7 

2 2 1 ^ • ^96 X 10“ 

-0.05915 log- 

157-5 J X 


antilog 


1.196 X IQ-* 
0.0670 X 157.5 


0.05915 X 89.7 


(5) 

( 6 ) 


Since lead sulphide is very dilute we may assume the activity to be nearly 
unity. Hence from equation 6 we get the concentration of lead sulphide in a 
saturated water solution at 2S°C., to be C = 0.9363 X io“* moles per 1000 
grams HjO which is somewhat less than the value reported by Weigel. 


Summary 

The e.m.f’s. of the following cells have been measured: 


CeU E at 25°C 

1. Pb(Hg), PbCU (Sat)||PbBr2 (Sat), Pb(Hg) 0.0077 

2. Pb(Hg), PbCl* (Sat)llPbl* (Sat), Pb(Hg) 0.049s 

3. Pb(Hg), PbBr* (Sat) II Pbl* (Sat), Pb(Hg) 0.0420 

4. Pb(Hg), PbClj (Sat) II PbS04 (Sat), Pb(Hg) 0.1030 
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CeU E at 25“C 

5. Pb(Hg),PbBr* (Sat)||PbS04 (Sat), Pb(Hg) 0.095s 

6. Pb(Hg), Pblj (Sat) II PbS04 (Sat), Pb(Hg) 0.0530 

7. Pb(Hg), PbS04 (Sat) II PbS (Sat), Pb(Hg) 0.0670 


The e.m.f. of cells i, 2 and 3 were shown to agree with the calculated 
values. We were not able to calculate the e.m.f. of cells 4, 5 and 6. From the 
observed value of the e.m.f. of cell 7, the solubility of galena was found to be 
0.94 X io~* moles per 1000 grams of water at 25°C. This value is probably 
accurate within 30%. 

SdU Lake City, Utah, 

September, 1928. 



THE BOILING-POINTS OF AQUEOUS SOLUTIONS” 


BY WILDER D. BANCROFT AND HERBERT L. DAVIS 

In the field of physical chemistry probably no generalization has been of 
greater aid or served to suggest more experimental investigations than the 
van^t Hoff treatment of the osmotic pressure of solutions, with its demon¬ 
strations of the relation between this and the other colligative properties 
of solutions. This was soon followed by the empirical statement of Raoult 
relating the vapor pressure of an “ideaP^ solution and its molecular concen¬ 
tration, and then by the Arrhenius Theory of Electrolytic Dissociation to 
account for the behavior of solutions of electrolytes. 

Most chemists have been content to accept these generalizations as ade¬ 
quate or to confine their work to a study of very dilute solutions in which 
the deviations from the theories are not marked. Of the properties of solu¬ 
tions, the one most suitable for determination is usually held to be the freez¬ 
ing-point, and some very splendid measurements have been made of this 
property. The boiling-point is the property next in favor but, principally 
from a fear of the unknown magnitude of superheating, relatively little work 
has been done on the boiling-points of aqueous solutions of electrolytes. 
The data that are available do not cover the very dilute solutions nor the 
concentrated ones, much less show the changes over the whole range. 

Boiling-Points at One Atmosphere 

A stimulus to this investigation was the very disturbing work of Kahlen- 
berg^ who showed that many common solutes in water do not behave at all 
as the ionization theory would require. In dilute solutions the agreement is 
fair but in concentrated solutions their behavior is most atrocious from the 
standpoint of a pious adherent to the Theory of Electrolytic Dissociation. 
Kahlenberg showed that, while electrical conductivities at o° and at 95° gave 
values for the degree of dissociation of common salts in qualitative agreement 
with the theory, the values calculated from the freezing-points and boiling- 
points of the same solutions were markedly different, indicating in some cases 
that the solute salt was more than completely dissociated. On the basis of 
these, as yet, uncontradicted and unexplained results Kahlenberg continues 
to be one of the most able opponents of the dissociation theory. 

This theory has been so valuable in other directions that we feel justified 
in assuming that possibly other factors have entered to give rise to these 
apparently anomalous results. Such factors as the displacement of the water 
equilibrium or abnormal heats of dilution may well account for these phe- 

* This work is preliminary to the programme now being carried out at Cornell University 
under a grant from the Heckscher Foundation for the Advancement of Research established 
by August Heckscher at Cornell University. 

^ J. Phys. Chem., 5 , 339 (1901). 
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nomena. At least a restatement of the problem is not amiss since it may 
finally lead to an explanation of these abnormalities which have been too 
long ignored. 

For many years Professor Bancroft has been proclaiming that the most 
profitable way of attacking this problem is not by a study of the dilute solu¬ 
tion or ‘'slightly polluted water’^ but by a study of the concentrated solutions. 
Pragmatically this seemed true since the attack on dilute solutions showed 
so little progress. An idea of the situation may be gained if one considers 
a large number of curves of various kinds and of various eccentricities, all 
tangent to the axis at the origin. A study of the infinitely small portion of 
each curve near the origin will tell nothing about the true nature of the curve. 
Only as one considers the extensions of the curves does the specific nature of 
each become apparent. If we plot properties of solutions against concentra¬ 
tions, only in the concentrated solutions will the specific character of these 
properties become apparent. It may be admitted readily that the study of 
concentrated solutions has its own set of difficulties; but when as much time 
and thought shall have been spent on these as have been expended on the 
properties of dilute solutions, more light will be enjoyed than we now have. 

While we have been most interested in boiling-points, the abnormalities 
of concentrated solutions are shown also by the freezing-points. These data 
from a number of authors are given in the tables of Landolt, Bomstein and 
Roth. In solutions containing from 7.09 to 24.6 grams of potassium chloride 
in 100 grams of water, the apparent molecular weight of the salt varies be¬ 
tween 42.7 and 43.0 so that the curve of molecular weight against concen¬ 
tration is practically a straight line parallel to the concentration axis. For 
solutions of potassium bromide containing from 0.3 to 45.6 grams per 100 
grams of water the values are between 62.5 and 67.7 and for solutions con¬ 
taining more than 8.1 grams the values are between 67.0 and 67.7. The 
apparent molecular weight of potassium iodide varies from 88.5 to 91.8 in 
solutions containing from i.o to 21.4 grams per 100 grams of water. 

It should be noted that the apparent molecular weight and therefore the 
apparent degree of dissociation of these three salts is practically constant at 
about 80 percent over a considerable range of concentration. The dissocia¬ 
tion theory and the dilution law require that, if the values of the apparent 
molecular weight or of the degree of dissociation be plotted against concen¬ 
tration of the salt, the apparent molecular weight should give a curve extra¬ 
polating to half the value of the formula weight in the infinitely dilute solu¬ 
tion and approaching the value of the formula weight in the concentrated 
solutions. The degree of dissociation extrapolates to 100 percent in the dilute 
solution and approaches zero in the concentrated solutions. £fotassium ni¬ 
trate and silver nitrate appear to be in qualitative agreement with the theory, 
although the degree of dissociation of these salts can not be made to fit the 
simple dilution law. 
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In the study of these relati6ns, the device was used of plotting M/F (the 
ratio of the apparent molecular weight, M, to the formula weight, F) against 
the concentration. This relation is simple and is comparable for all the salts 
ionizing into two ions. Its connection with a, the degree of dissociation, has 
been shown by Lewis' to be: 

M_i_ 

F I + a 

In the dilute solutions the apparent molecular weight ought to extrapolate 
to half the formula weight if the theory be followed. 

Before leaving the freezing-point data, reference may be made to the 
experiments of FliigeP and of Roth® who have measured the freezing-points 
of some dilute solutions of common salts. While in every case extrapolation 
points to complete dissociation of the salts in the infinitely dilute solutions, 
neither freezing-points nor conductivities can be made to agree with the 
dilution law. In the more concentrated of their solutions the same appear¬ 
ance of constancy of dissociation with increased concentration is evident, 
which continues to be marked as really concentrated solutions are reached. 

The data on boiling-points reveal a similar state of affairs with the abnor¬ 
malities greater in most cases. This paper will deal mostly with solutions 
of potassium chloride, potassium bromide, potassium iodide and potassium 
nitrate, as common salts showing typical abnormalities. Kahlenberg^s results 
for potassium chloride show that in the most dilute solution (2.122 g in loo g 
of water) the apparent molecular weight is 37.7. The next solution (5.124 g) 
gave 38.1 and then the apparent molecular weight decreased to 33.0 for the 
solution containing 31.84 g in 100 g of water. For this salt complete dis¬ 
sociation is indicated when the apparent molecular weight is 37.3 while the 
observed value, 33.0, represents 125% dissociation. Since this is a manifest 
absurdity, some explanation is called for. 

The behavior of solutions of potassium bromide and potassium iodide is 
similar. In the most dilute solutions of potassium bromide M = 66.0, then 
66.1, and then decreases gradually to 55.7 for a solution containing 51.2 g 
KBr in 100 g of water. The value of M for potassium iodide decreases from 
94 to 78.4. In all these cases and in others, the apparent molecular weight 
decreases to a value which indicates more than complete dissociation instead 
of increasing toward a value indicating no dissociation as the concentration 
is increased. In regard to the boiling-points of their solutions silver nitrate 
and potassium nitrate are again in qualitative agreement with the theory. 

After plotting Kahlenberg^s data, the question arose as to whether these 
halide solutions would extrapolate to complete dissociation as at the freezing- 
point, or to some other value, as appeared possible. The early experiments 
were designed to confirm those of Kahlenberg and to answer this question. 

^ System of Physical Chemistry,” 2, 139. 

* Z. physik Chem., 79 , 577 (1912). 

»Z. physik. Chem., 79 , 599 (1912). 
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The first apparatus employed was one built by Mr. Ross Babbitt for use 
in the course in Physical Chemistry. This apparatus has proven quite useful 
for certain purposes such as following the sucrose inversion by observing the 
rise in boiling-point, or the determination of the molecular weight of non¬ 
electrolytes. The apparatus consisted of a Dewar flask of about 250 cc 
capacity fitted with a rubber stopper with five holes. Through these holes 
passed: the Beckmann thermometer; the reflux condenser tube; a small stop¬ 
pered tube for introduction of solute; and two mercury-filled glass tubes 
sealed to the platinum heating spiral and supporting, just above the spiral, 
a Pyrex tube with vigreux tips to break the bubbles as they rise and pump 
solution around the bulb of the thermometer and out over the tube. Several 
runs showed the molecular weights of the potassium halides to be considerably 
higher in this apparatus than those found by Kahlenberg, and to vary widely 
and irregularly. Some electrolysis of the iodide solution was observed and 
the temperature readings were quite largely influenced by changes in th(‘ 
depth of solution and position of the thermometer. It was found, however, 
that if a solution containing about two grams of salt in one hundred grams 
of water were used as the standard, and elevations of the boiling-point meas¬ 
ured from it rather than from pure water, the apparent molecular weights 
came out nearly the same as found by Kahlenberg. 

This phenomenon could be best explained on the assumption that there 
was marked superheating of the water which decreased as salt was added. 
This question of superheating is the one chat niquires more attention than 
any other in the determination of boiling-rpoints of aqueous solutions. Super¬ 
heating seems to arise from two principal causes. The first of these is an 
inherent reluctance of the liquid in contact with the heating surface to form 
bubbles of vapor. A common remedy for this is the introduction of large 
roughened surfaces. A second cause is the fact that bubbles formed 3.5 cm. 
under the surface of water will be about 0.1° hotter than if formed at the 
surface. The principal problem in the design of boiling-point apparatus is 
the removal of this superheating, bringing the solvent vapor into equilibrium 
with the solution under no hydrostatic head. This problem becomes even 
more important when one considers the work of (lerlach,^ who showed that 
the boiling-point of a solution is affected greatly by the material of the vessel 
used and the character of the heating surface. Furthermore, the effect of 
various salts on the superheating in a given vessel was quite erratic and un¬ 
predictable, certain salts increasing it, certain ones having a constant effect, 
while in others the superheating decreased with increasing concentration of 
the salt. If salts do thus change the superheating of a solution in an unknown 
specific way, it is unsafe to assume this a constant error throughout a set of 
determinations and the only apparatus that may be used for such experi¬ 
ments is one in which there is no superheating of the pure w^tef, or at least 
one in which this superheating is completely removed. 


* Z. anal. Chem., 26 , 413 (1887). 
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The Washburn-Read* modification of the C'ottrell apparatus has found 
much favor and was believed to accomplish this. Some preliminary runs 
on potassium bromide in this apparatus gave a fairly constant value of M 
at 65 to 66, thus agreeing with Kahlenberg and others. Then a test for the 
superheating was devised. If this apparatus really removes superheating, 
the thermometer ought to read the same whether pure water and sti'am are 
being pumped over the bulb, or the bulb is in stf*am only. Closing the pump 
tube of the C^ottrell apparatus by a stopper caused the thermometer to read 



from 0.03® to 0.04° lower than when the pump was throwing water and steam 
over the bulb. This means that the superheating is not completely removed 
in the Cottrell apparatus and that, in the familiar form, it cannot be used for 
accurate results in dilute salt solutions. Probably the error introduced is 
much less in the organic solvents to which its use has hitherto been confined. 

A similar test with the Babbitt apparatus showed a difference of about 
0.4°, to explain the results previously obtained. A modification of the Cot¬ 
trell apparatus was designed which showed a superheating of about 0.008°, 


^ J. Am. Chem. Soc., 41 , 729 (1919). 
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which was an improvement; but would still be too large, since the observed 
rise in boiling-point for the dilute solution might well be half that value. 

It was beUeved that the superheating in the Cottrell apparatus was 
mostly due to the hydrostatic head under which the bubbles were formed and 
enter^ the pump tube. If this large superheating were in part relieved by 
causing the ^bbles to pass freely through a mass of the solution before enter¬ 
ing the pump, the rest of the superheating might well be removed in that 
tube. To this end the pump tube was shortened and the body of the apparatus 
constricted in such a way that the vapor bubbles after passing upward freely 
through about half the liquid are deflected into the pump tube. 

The new apparatus is shown in Fig. i and, in addition to the above, will 
be found to differ from the Cottrell form in some respects. The new position 
of the condenser A is more in accord with good theory. In the older form the 
condenser opened below the large stopper B and outside the sheath C, the 
main function of the sheath being to protect the thermometer from the cold 
refluxing water. If the elimination of air around the thermometer in the 
older form were incomplete, the reading would be too low and would rise 
as the air was expelled. In this form air is expelled as soon as boiling starts. 
Practical considerations of construction and operation may make the lower 
position of the condenser advisable without great sacrifice of accuracy. The 
present apparatus is made of Pyrex, except the condenser, the withdrawal 
tube F, and its stopper, which are of ordinary glass. Ground joints for these 
parts are made very tight by the unequal expansions of the two kinds of 
glass on heating to the boiling-point. Solute is introduced as pellets down the 
condenser or as a powder through the condenser opening, boiling being in¬ 
terrupted and the condenser removed. In general the same procedures as 
given by Washburn should be followed. 

The principal advantage of this apparatus lies in the fact that super¬ 
heating of the pure water is really removed, since the thermometer reads the 
same whether the pump be operating or not. 

Experimental Work on the New Apparatus 

Jablcyznski and Kon' reported the construction and operation of an 
ebuUioscope in which the thermometer dips into the liquid, superheating 
being minimized by rapid stirring to produce a whirl which entraps vapor 
bubbles and brings them into contact with the solution. They admit a super¬ 
heating of 0.01° and probably have more, but explicitly assume this super¬ 
heating to be constant. As a test solution they employ boric acid and were 
able to show that its apparent molecular weight varies irregularly between 
61.4 and 61.86 as the concentration increases from 1.87 to 14.5 grams of 
boric acid in 73 grams of water. 

This agrees with the findings of Kahlenberg over a much wider concen¬ 
tration range. In his experiments the molecular weight changed irregularly 
between 61.2 and 65.2 while the concentration increased from 3.161 to 36.407 


‘ J. Chem. 80c., 123 , 2953 (1923). 
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grams of tibric acid in loo grams of water. The change in molecular weight 
in both cases is so irregular that it is probably within the experimental error. 
In Kahlenberg^s results the most dilute solution gives 63.2 and the most 
concentrated 62.9 and there is no sign of a definite trend with concentration. 

This property of the constancy of molecular weight is shown by very few 
solutes in water and may possibly be accounted for on the assumption that 
these solutes are practically inert toward the solvent water. It certainly 
cannot be explained by the statement that since boric acid is so weak an acid 
we would scarcely expect it to be able to show any change on dilution. No¬ 
body postulates any dissociation or change of dissociation with cane sugar 
and yet its apparent molecular weight changes most abnormally as evidenced 
by these figures from Kahlenberg. 


Boiling-Points of Sugar Solutions 


Grams sugar in 100 g water 

20.75 

2951 

36.15 

289.4 

Rise in boiling-point 

0.30® 

0.42° 

0 - 55 ° 

7.10' 

Apparent molecular weight 

360 

366 

342 

212 


The formula weight of cane sugar is 342 and yet the apparent molecular 
weight decreases regularly from this value to 212. 

The volatility of boric acid in steam is well known and it was suggested 
that this might be affecting the boiling points of its solutions. Since these 
were used as test solutions, an answer to this question was sought. Koningh^ 
found that no appreciable loss of boric acid took place on boiling aqueous 
solutions, until they were reduced nearly to dryness when a rapid volatiliza¬ 
tion of boric acid takes place. Skirrow^ reports the distillation of ten cubic 
centimeter samples from two liter solutions of boric acid of increasing con¬ 
centration. The concentration of boric acid in the distillate rises rapidly 
at first and then flattens to a practically constant value when a solution 
containing 200 grams of boric acid in a liter gives a distillate containing 0.62 
grams of boric acid in a liter. This indicates that the partial pressure of the 
boric acid is negligible. 

Boric acid was used in the new apparatus and gave results which are in 
agreement with the other investigators. 

Boiling-Points of Boric Acid Solutions 

Grams acid in 


100 g water 

2.41 

4.82 

7.23 

9.64 

14.44 

19.28 

Rise in boiling-point 

0.207® 

.417° 

.617° 

.817° 

I.269® 

I . 609' 

Apparent molecular 
weight 

60.6 

60.1 

60.8 

61.3 

59.3 

62.3 


Solutions of potassium nitrate present an unexpected phenomenon. Data 
for these solutions are given in Table I. The formula weight is loi.i. 


^ J. Am. Chem. Soc., 19 , 385 (1897). 
* Z. physik. Chem., 37 , 84 {1901). 
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Table I 

Boiling-Points of Potassium Nitrate Solutions 


(irams KNOs 

Rise in 

M 

Grams KNO, 

Rise in 

M 

in 100 g Water 

B. P. 

calc. 

in 100 g water 

B. P. 

calc. 

0.626 

0.059° 

55-2 

10.0 

0.813" 

64.0 

T . 260 

0.113 

57-9 

iS-o 

1.182 

65-9 

1.910 

0. 166 

59-8 

20.0 

I . 544 

67.4 

10 

0.220 

60.0 

25.0 

r. 892 

68.7 

317s 

0.272 

60.6 

30.0 

2.232 

70.0 

4-434 

0-383 

60.2 

350 

2.567 

GO 

d 

6-350 

0-538 

61.4 

40.0 

2.884 

72 , 1 

9.827 

0.807 

63 - 3 

50.0 

3 • 493 

74.4 


These data are found to lie on a curve similar in form to the dilution law 
curve, except that between 0.25 and 0.75 molar the values of the degree of 
dissociation are decidedly higher than would fit a regular curve. This hump 
in the values of a is accompanied by the observation that for these concen¬ 
trations in the apparatus the bubbles formed are much smaller and much 
more numerous, so as to raise perceptibly the level of the boiling solution. 
This results in the thermometer being heated abnormally by the body of 
the solution and the rise in boiling-point observe^d being abnormally high. 
Above or below these concentrations the appearance of the boiling potassium 
nitrate solutions is not markedly different from that of pure boiling water. 
Apparently the salt at these concentrations is having a depolymerization 
effect on the water. 

This tendency of the potassium nitrate solutions to give little change* 
in the apparent degree of dissociation for this intermediate concentration 
range was found also by Kahlenberg from conductivities at 95°. 

A similar phenomenon appears in the boiling-points of the potassium 
halide solutions. In these, as well as in the potassium nitrate solutions, the 
values for the dilute solutions have been found to extrapolate to complete 
dissociation in the infinitely dilute solution. Further work is now being done 
on these solutions and will probably b(j communicated later as a complete 
system. 

(Consideration of these facts suggested the possibility that at higher 
pressures and temperatures such solutions as here mentioned might prove 
to be more or less abnormal than at one atmosphere and 100°. Some pre¬ 
liminary runs were made and are reported in the following sections. 

Description of Pressure Apparatus 

The water or solution to be studied was put in a Pyrex test-tube A 29 mm 
in diamet/er and 150 mm deep, with a capacity of about roo^cc/ the test-tube 
being about three-fourths filled. The test-tube was held in a steel bomb B 
closed at the top with a heavy-threaded cap which was tightened by a spanner 
wrench. Making this joint tight proved very troublesome but was finally 
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achieved by machininjj; two ridgies on th(‘ cap and one on the body of the 
bomb so that a thin, well-annealed copper gasket was pressc'd into a ‘V” 
and thus closed the joint, Fig. 2. 

The bomb was heated in a bath of Oisco, furnished with a motor stirrer 
and heated partly by a direct gas flame and partly by an electrical resistance 
wound around the bath just inside the heavy pipe-covering insulation. 



l^ipping into the solution tested was a monel nu'tal thermoinetc'r well, 
C, brazed into the bomb cap. This wt '11 was supplied with an (extension 
sleeve to keep the bath liquid from the thermometer and th(' well was filled 
with sufficient mercury to immerse the 7O mm immersion Xlirnberg ther¬ 
mometer to the mark. This thennometer had a scale from 140° to 230"^ in 
fifths of a degre<' and was calibratt'd by two l^ureau of Standai'ds' ther¬ 
mometers having a common point at 200° and extending, one above, and the 
other below that point. 

Dipping into the solution tested was also the monel metal lower vnd of the 
reflux condenser tube, fitted with holes just inside the bomb for the escape 
of steam, and provided with a btweled lower end to deflect the condensed 
water from the thermometer well and to cause it to reenh^r the solution near 
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the side wall of the test tube. In the test-tube glass beads were used to facili¬ 
tate boiling until it became apparent that they were markedly attacked by 
the water at the high temperatures; therefore they were replaced by strips 
of platinum. 

The monel metal lower end was attached 9cm above the top of the bomb, 
by a ground-joint connection, to the quarter-inch brass pipe that made up 
the rest of the open system. The first vertical length of pipe was surrounded 
through part of its length by a brass condenser D with the cold water inlet 
at the lower end to ensure quick condensation. 

At the top of this first section of pipe was a capacity chamber E made up 
of iron pipe of capacity about 300 cc. Here air pressure was applied from an 
air tank through a Parr needle valve F. The brass pipe was then carried 
down to the gage. To the height of the piston on the absolute gage this pipe 
was filled with oil which first actuated a very sensitive Bourdon pressure 
gage G made by the American Schaeffer and Budenberg Corp. This gage 
served as first approximation and as an index of pressure changes but was 
not relied on for the final readings. Beyond this gage, the oil actuated the 
absolute pressure-gage H built around a piston and cylinder very kindly 
furnished by Prof. F. G. Keyes and practically of the same design as the 
gages built and used by him and his associates.^ A valve between the gage 
and the Bourdon permitted the use of the Bourdon alone to read pressures 
and another valve between the gage and the oil injector I permitted the 
direct contact through the air column between the boiling liquid and the 
absolute pressure-gage. The motion of the piston was magnified by means 
of a long pointer J moving over a scale. By observation of the motion of 
the pointer, an indication was obtained as to whether the weights used on the 
gage were sufficient to balance the pressures developed. Also variations in 
pressure caused by the boiling of the liquid were transmitted to the gage and 
were plainly perceptible by the oscillations of the pointer even though the 
capacity chamber had been included to minimize this effect. Final readings 
were always taken under these conditions after they had been shown to be 
constant for some time. 

The piston, yoke, pans, and supports which constitute the fixed load 
on the piston were weighed and an additional weight prepared so that the 
total minimum load on the piston was 10,000 grams and this sum was added 
each time to the removable weights employed. The weights were all cali¬ 
brated against standards. The constant of the gage as determined by Prof. 
Keyes was 0.49912 mm per gram load. This meant a total load of about 
26,000 grams on the piston when the vapor pressures were about 17 atmos¬ 
pheres. A small motor actuating an oscOlator, kept the piston from sticking 
during a run. The pressures were all converted to mm of mercury and re¬ 
ported as such. The whole apparatus was mounted on a pipe stand raising 
the gage 117 cm from the floor. 

> J. Math. Phys., Mass, Inst, of Tech., 1,196 (1922); J. Am. Chem. Soo., 41 , 589 (1919). 
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For tightness it was necessary to solder all joints of the apparatus except 
the brass ground-joint connections. These were coated with a shellac mix¬ 
ture and screwed tight. The bath itself had to be brazed since the tempera¬ 
tures employed are above the melting point of solder. In the earlier part of 
the experiments, lead washers were used under the monel metal thermome¬ 
ter well and condenser reflux pipe where they screwed into the bomb cover. 
The hot water soon attacked and rendered these ineffective and brazing 
had to be resorted to there too. In spite of the fact that, inside the pipe, 
the steam going to the condenser, was up to ioo° hotter than the melting 
point of solder, the soldered parts of the ground-joint connection, joining 
the monel metal end and the brass condenser pipe, held fairly satisfactorily. 
The margin of safety was too small however, and on those occasions when the 
bath temperature was permitted to exceed 225° or 230°, this solder gave way, 
necessitating complete tearing down and resoldering. Up to this point, ap¬ 
parently, the condensing water running down the pipe was sufficiently cool 
to keep the solder from melting. It would probably have been better design 
to have replaced the two ground joints by one such joint above the con¬ 
denser, and to have brazed the joint between the monel metal end and the 
brass condenser tube. Such a single ground-joint would permit the necessary 
adjustments of the bomb.^ 

Operation of Pressure Apparatus 

For purposes of reproducibility, constancy of superheating, etc., the 
bath temperatures were ten degrees hotter than the bomb temperatures it 
was desired to measure. The latter temperatures were set arbitrarily at 
180®, 190®, 200®, and 210® on the Niimberg thermometer, which gave from 
the calibrations, 178.9®, 188.9®, 198.9° and 208.3® respectively as the corrected 
temperatures. As heating of the bath was started, a slight excess of air 
pressure was applied above that thought to be necessary for the desired 
boiling-point. Then as the bomb temperature approached the desired read¬ 
ing, the air pressure was slightly reduced so that the temperature did not too 
greatly exceed the temperature wished. When a series of readings of tem¬ 
perature and pressure over possibly half an hour indicated equilibrium had 
been reached, these data were taken as valid. This procedure gave quite 
satisfactory results with water and probably would with any pure solvent. 

But the case of solutions offered another difficulty. In order to avoid 
local superheating, the bath had been designed to produce fairly uniform 
heating on the surface of the bomb and rather rapid stirring of the bath made 
this possible. But since the surface of the liquid in the tube was under 
slightly less pressure than the main body of the liquid, it was the portion 
that boiled more readily. As boiling continued and condensation started, 
the upper portion of the solution became increasingly diluted and the vapor 
pressure increased, or the temperature fell if the pressure remained constant. 

^ The authors wish to express their deep appreciation of the very able machine work done 
on this apparatus by Mr. Harry Bush, the mechanician of Baker Laboratory at Cornell. 
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Early readings on salt solutions showed this; but the reason for it was not 
understood until later. Then the device was adopted of stirring the solution 
by a sudden release in pressure causing a vigorous ebullition with consequent 
stirring. The pressure was then quickly increased up to about the value 
expected to be in equilibrium at the desired temperature. The temperature 
rose readily and a few trials established the proper pressures. The appear¬ 
ance of equilibrium would be maintained for possibly ten minutes or more 
and then the pressure would increase, or more probably the temperature 
would fall slightly. Readings thus obtained, were taken as representing the 
vapor pressures of the solutions studied and the data are here represented. 

Before starting the actual runs, it was necessary to discover if the bath 
temperature affected the readings of the thermometer in its well in the bomb. 
A special run with water in the tube and with the system above the con¬ 
denser open to the atmosphere through the safety pet-cock, showed that a 
thermometer in the well maintained a constant reading of ioo° although the 
bath temperature went as high as 170°. No higher reading than this was 
shown by the bomb thermometer although the bath was kept at the elevated 
temperatures for long periods. The conclusion seemed justified that the 
boiling of the water in the bomb produced sufficient cooling of the thermome¬ 
ter well to balance the heat carried to it by metallic conduction from the bath. 
It therefore seemed reasonable to assume that temperatures of the bomb, 
measured when the bath was ten degrees hotter than the bomb, would not 
be affected by this difference, or, if slightly affected, the error would be a 
constant one. 

Naturally the first runs of the apparatus were made on wattT. Table II 
shows the results of two such runs compared with the vapor pressures of 
water at the same temperatures as given by the Regnault-Smithsonian 
Tables. 


Table II 


Temp. 

178 9° 

188.9° 

198.9“ 

00 

0 

Cl 

I 

7521 mm 

932T 

11412 

14007 

II 

7549 

9349 

11445 

14065 

Average 

75.55 

9335 

11428 

14036 

Tables 

7.557 

9218 

11423 

13848 


While the agreement with the values of Regnault leaves much to be de¬ 
sired, the agreement of the runs themselves is satisfactory. A possible ex¬ 
planation for the failure of the results to agree with those of Regnault may 
be found in the calibration of the Niimberg thermometer. The 200° point 
was the only point that could be compared directly with the standard ther¬ 
mometers, the other points being interpolation calibrations. At the 198.9° 
point, the agreement with the values of Regnault is satisfactory. 

After water came the study of some solutions in water. As indicated 
above, boric acid has been found to be a good testing solution and was, there¬ 
fore, employed in this apparatus. 
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lipfore procoeding with th(» data, it might be well to give the method 
used for the calculations of the molecular weights at these elevated tempera¬ 
tures. As indicated by KendalP the data of Frazer and Lovelace’^ can be 
expressed rather well by the equation, 

P ~ Pi ^ n 

p N 

At the same time, K(mdall adds that this is '^the dilute solution ecpiation” 
constituting the limiting cas(» of the more exact equation, 


wheie po is the vapor pressure^ of the pure solviuit, pi that of the solution, 
and n and N are n^spectively the number of mols of solute and of solvent in 
the solution. Since this is th(» form we have recently shown to be valid,we 
have used it to calculat(‘ the apparent molecular weight of the different 
solutes, l^^xpressing this eciuation in terms of solute in 100 grams of water, 

it becomes n = 12.78 log . Of course, n = f'z where g is the number of 

Pi M 

grams of solute in 100 grams of water and M is the molecular weight of th(» soluti*. 

Solutions were used containing 10 grams and 20 grams of boric acid pc'r 
TOO grams of water, h(‘ating wIkuh* necessary to cause solution. Th(‘ solutions 
wore placed in the test-tub(' in the bomb and run (^\actly as the water had 
b(‘(*n run. The pressur(\s and calculations are shown in Table III. 


Table III 


Boiling Points of Boric Acid Solutions 
Boric Acid (10 grams per 100 grams of water.) 


Temp. 

J78 0° 

188 g° 108 <)° 

208 3' 

Vapor press, water 

7535 

'«35 “428 

14036 

Vapor press. Solution 

732 (> 

QO43 1 J 090 

13620 

Molecular wtught 

64 08 

56 70 60 00 

30 87 

Average 


()0.16 


Boric Acid ( 

20 grams p(»r j 

100 grams of water.) 


Vapor Press. Solution 

7124 

875 (> 10757 

'3215 

Molecular winght 

64 24 

56 2g $t) 55 

30-62 

Average 


50 02 



The formula weight of boric acid is 61.84, and it is evident that the average 
values here found differ from this value by about three percuuit. This dis¬ 
crepancy may be accounted for on the very reasonable assumption that 
3.5 cc of water were continuously out of solution as vapor and refluxing con¬ 
densed water. 


‘ J. Am. Chem Soc., 43, 1392 (1921). 

J. Am. Chem. Soc., 36, 2439 (.1914). 
^ J. Phys. Chem., 32, i (1928). 
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The runs on the potassium chloride solutions proved less satisfactory as 
the design of the apparatus showed increasu^ «gns of inadequacy. Leaks 
developed and it became more difficult to recognize and maintain the boiling- 
point. The data in Table IV show the average values for some runs on solu¬ 
tions containing 20 grams of potassium chloride in 100 grams of water. 

Table IV 

Boiling-Points of Potassium Chloride Solution 


Temp. 

178.9“ 

188.9“ 

198.9“ 

208.3“ 

Vapor press. (H2O) 

7535 mm 

9335 

11,428 

14,036 

V.P. (solution) 

6995 

8642 

10643 

12,964 

Molecular weight calculated 

48.35 

46.71 

50-63 

45-35 


If we may ignore the third value, these data indicate an increase in dis¬ 
sociation with rise in temperature. This is contrary to the findings of Noyes‘ 
in his high-temperature conductivity measurements in more dilute solutions 
than this one. On the other hand, Kahlenberg’s results at 100° by the boiling- 
point method give an apparent molecular weight of 35.12. 

It is probable that an improved apparatus designed possibly somewhat 
similarly to that used by Noyes will be capable of giving much more reliable 
and consistent results in the study of this interesting phenomenon. More 
recently there appeared an interesting paper by Monrad and Badger* who 
determined the boiling-points of electrolytic caustic solutions under reduced 
pressures. Their apparatus was of monel metal and included a Cottrell 
pump and a platinum resistance thermometer. Certain details would have 
to be altered to permit high-pressure work but the general design seems as 
well suited for the problem here outlined as it proved for the investigation 
they made. 

Summary 

1. A study of the data on the boiling-points of aqueous solutions reveals 
striking divei^nces from the commonly accepted theories. 

2. The Washbum-Read modification of the Cottrell boiling-point ap¬ 
paratus is shown to be ineffective in removing the superheating of water. 
The test for this is described. 

3. A new modification of the Cottrell apparatus is described and is 
shown capable of removing the superheating of pure water, thus making 
possible the determination of the boiling-points of dilute aqueous solutions. 

4. Dilute solutions of potassium nitrate and of the potassium halides 
are found to be completely dissociated in the infinitely dilute solutions. 

5. A preliminary study of the boiling-points of aqueous solutions under 
from ten to twenty atmospheres pressure is described. 

6. Results with the pressure apparatus indicate that potassium chloride 
is as abnormal at the higher temperatures as it is known to be at q,° or at 100°. 

Cornell University 


^ Pub. Carn^ie Inst., No. 63 (1907)- 
* Ind. Eng. Chem., 21, 40 (1929). 



COLLOIDAL BEHAVIOR OF THE SULFIDES AND HYDROXIDES OF 

CADMIUM AND ZINC* 

BY WILHELMINA DAUS AND OLIN F. TOWER 

I. Sulfides 

That cadmium and zinc sulfides can be obtained in colloidal form has long 
been known/ but few attempts have ever been made to obtain them as 
Liesegang^s rings in different gelatinous media. In 1904, J. Hausmann^ pre¬ 
pared a number of metallic sulfides in layers in gelatin. Some of them pre¬ 
cipitated in rings, as for example, zinc sulfide, while others as cadmium sulfide 
formed only a single layer. He used a solution of metallic salt containing five 
percent gelatin, and after this had set, he added the sulfide ion in the form of 
ammonium sulfide or sodium sulfide. The zinc sulfide rings resulted only 
with the former reagent, the latter reagent precipitating the various sulfides 
in a single layer. 

The following experiments were carried out in order to ascertain the best 
conditions for obtaining both of these sulfides in the form of Liesegang^s rings. 
Three gelatinous media were tried: (a) silica, (b) agar-agar, and (c) gelatin. 
With all of these jellies, experiments were made both with the sulfide ion in 
the gel and the metallic ion in the solution above and vice versa, i.e., with the 
metallic ion in the gel and the sulfide ions above. 

Table I 

One percent Agar-agar Gel 

C^onc. in gel. Cone, above the gel 

Sodium sulfide Cadmium chloride Results 

(10 cc. of soln. of following 
concentrations employed) 


0.1 N 

0.5 N 

Yellow ppt., no banding 

.25 N 

■75N 

Faint bands 

.3 N 

.7 N 

Fairly good bands 

.4 N 

.8 N 

Good rings 

•S N 

.8 N 

Rings obtained 

•S N 

N 

Fairly good bands 

.6 N 

N 

Good rings 

■75 N 

N 

77 77 

•7SN 

1.5 N 

77 77 

■75 N 

2.0 N 

77 77 

. N 

1.5 N 

Best rings of this group 



(See Plate i a) 

N 

2.0 N 

Bands obtained 


* Contribution from the Chemical Laboratory of Western Reserve University. 
^Cadmium sulfide. Frost: Bull. Acad. roy. Belg. (3), 14 , 312 (1887); Zinc sulfide. 

Winssingsr: Bull. (2), 40 ,452 (1888). 

* J. Hausmann: Z. anorg. Chem., 40 , no (1904). 
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Table II 


One percent Agar-agar Gel 

Cone, in gel 

Cone, above the gel 

Results 

Sodium sulfide 

Cadmium sulfate 

0. 1 N 

o.s N 

No banding 

.2SN 

■ 7 SN 

Rings obtained 

•3 N 

.7 N 

77 77 

.4 N 

.8 N 

Good bands 

■5 N 

N 

Faint bands 

• 75 N 

1.5 N 

Rings formed 

N 

2.0 N 

Table III 

Best bands of this series 


One percent Agar-agar Gel 

Cone, in gel 

Cone, above the gel 


Sodium sulfide 

Zinc chloride 

Results 

0.3 N 

0.7 N 

Broken bands 

.4 N 

.8 N 

77 77 

■S N 

.8N 

Very good bands (Plate 2b 

■ 7 SN 

i.sN 

Good bands 

N 

1.5 N 

Best rings of this group 
(Plate 2 a) 


(a) Silica. This gel was prepared as described by Holmes^ and a series of 
experiments was carried out similar to those described below with gelatin. 
No banding was obtained in any case. The nearest approach was obtained 
with the metallic salt in the gel and a solution of ammonium sulfide above. 
Under these circumstances the metallic sulfide precipitated in a single band at 
the surface of the silica. 

(b) Agar-agar. In these experiments solutions of ammonium or sodium 
sulfide were added to one percent agar-agar sol before it cooled, and after 
solidification solutions of cadmium or zinc salts were poured on top. Table I 
indicates the results obtained with various concentrations of sodium sulfide 
and cadmium chloride; in Table II are the data for sodium sulfide and cad¬ 
mium sulfate; Table III shows the results obtained with sodium sulfide and 
zinc chloride. Reference to Table I shows that the most clearly defined rings 
were obtained in the tubes containing the normal sodium sulfide and 1.5 
normal cadmium chloride. It is seen from Table II that concentrations of 
normal sodium sulfide and 2-normal cadmium sulfate give the best bands of 
this series. It was found that, in general, rhythmic banding resulted with 
the same concentrations of cadmium chloride and cadmium sulfate, but- the 
bands obtained with the cadmium chloride were more sharply defined. Very 
good rings of zinc sulfide were obtained with all of the concentrations used, 
the best, as is shown in Table III, being obtained with normal sodium sulfide 
and 1.5 normal zinc chloride. 


* Holmes: J. Phys. Chem. 21, 709 (1917). 
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When ammonium sulfide was substituted for sodium sulfide in agar-agar, 
it was found that the gel withdrew from the sides of the tubes, and the sulfide 
precipitated there instead of inside the gel. 

(c) Gelatin. Tables IV, V, and VI show the results obtained when gelatin 
was used as the medium for the precipitation of th(‘ cadmium and zinc sulfides. 
Here, as in the case with agar-agar, ammonium or sodium sulfides were added 
to the gel and the cadmium or zinc salt poured on top. As these tables show. 



Plate I 


Plate 2 


the most clearly defined bands of cadmium sulfide were formed with ammon¬ 
ium sulfide 0.75 normal in concentration and 1.5 normal cadmium chloride. 
The best rings of zinc sulfide were obtained in the one case with 0.75 normal 
ammonium sulfide and 2 normal zinc chloride; in the other the rings were about 
(equally as good with the various concentrations of sodium sulfide and zinc 
chloride. The table showing the results of the experiments in which cadmium 
sulfate was substituted for cadmium chloride is not included, for these results 
were similar to thost* obtained using cadmium chloride. ^ 


Table IV 

Five percent Gelatin 

Cone, in gel Cone, above the gel 

Ammonium sulfide Cadmium chloride Results 


.1 N 

0.5 N 

No bands obtained 

.3 N 

.7 N 

Plaint rings 

.4 N 

.8 N 

Good bands 

•5 N 

N 

Bands 

■ 7 SN 

N 

yt 

•75 N 

1.5 N 

Best rings of this series 


(Plate I b) 
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When sodium sulfide was used in gelatin, the gelatin did not set readily, 
and seemed to mold quickly. No rings of cadmium sulfide were formed in 
this case, for although there was a firm gel at the top of the tube, the gelatin 
was in the sol form lower down. Bings of zinc sulfide were obtained with the 
sodium sulfide and zinc chloride, but these were not as clear as those obtained 
with the ammonium sulfide, nor those obtained in agar-agar. Here also the 
gelatin was in the sol form in the lower half of the tube, so rings were formed 
only in the upper portion. 


CJiCk 


mis 


a 

WM 

mm 


uq 

WIH5 



Fig. I 

Fig. 2 


Theoretical. The theory of Bradford' that rings of this sort are formed 
by the layer of precipitate adsorbing the ions of the adjacent electrolyte and 
thus giving zones practically free from them, seems to explain most adequately 
the results obtained. Rings were obtained when the cadmium ions were 
above the gel which contained the sulfide ions. One can account for this on 
the theory that the sulfide ions are strongly adsorbed by the first precipitated 
layer a, Fig. i, leaving a space a-b so free from these ions that no further 
precipitation results until the cadmium ions encounter a sufficient concentra¬ 
tion of sulfide ions somewhere below, as at b, where the process repeats itself. 
In case the sulfide ions are above the gel, a precipitate forms at the junction c. 
Fig. 2. This precipitate adsorbs sulfide ions strongly, and we have to assume, 
furthermore, that this adsorption is so strong that no sulfide ions pass through 
the precipitated layer and diffuse below to meet the cadmium ions. In other 
words, the assumption that cadmium ions are not so strongly adsorbed as 
sulfide ions, and can diffuse through the precipitated layer accounts for the 
facts observed. 

This, of course, does not explain the non-formation of rings when silica gel 
was used; but this seemed to be directly related to the action of the strongly 
alkaline sodium and ammonium sulfide solutions on the aoid^gels. 


‘ Bradford: Science Progress, 10.369 (1916); Biochem. J., 10, ito (1916); 11,14 (1917); 
14 ,29,474 (1920). A summary of these articles is given in Kolloid- 2 .30,364 (1922^ 
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C'onc. in gel 
Ammonium sulfide 

0.4 N 
■S N 
•75 N 
•75 N 


('one. in gel 
Sodium sulfide 

0.4 N 

•5 N 

•75 M 
.75 N 


Table V 

I*"ive percent Gelatin 

Ck)no. above the gel 
Zine chloride 

0.8 N 
N 
N 

2.0 N 


Results 
Good rings 

77 

Best bands in this group 
Very good rings 


Table VI 


Five percent Gelatin 


("one. above the gel 
Zinc chloride 

0.8 N 
N 
N 

2.0 N 


Results 

These concentrations all give 
clearly defined rings, but not as 
good as in agar-agar. The gel¬ 
atin did not set at the bottom of 
the tube. 


II. Hydroxides 

Colloidal cadmium hydroxide was prepared by a method formerly used in 
this laboratory for th(‘ preparation of colloidal nickel hydroxide.^ A dilutee 
solution of cadmium chlorid(* was treated with an ecjuivalent quantity of 
sodium hydroxide, and tlu' resulting pn^cipitate washed by dc^cantation in a 
centrifuge. The procedun^ giving the best results is as follows: 50 ec. of half 
normal cadmium chloride were added to 500 cc. of water, and then 50 ce. of 
half normal sodium hydroxide were mixed rapidly with this solution (thus the*, 
concentrations were about 0.08 normal). A finely divided precipitate fonned 
which settled slowly. If the solutions used were either too dilute or too con¬ 
centrated a flocculent precipitate formed which settled rapidly. 

Portions of 50 cc. each were centrifuged until the precipitate settled, the 
supernatant liquid poured off, distilled water added, and the process repeated 
several times. The precipitates were finally suspended in distilled water and 
allowed to stand over night. It was found on the average that after centri¬ 
fuging five times the precipitated hydroxide tended to go into colloidal solu¬ 
tion on standing. The colloidal solutions thus obtained were opalescent. The 
supernatant liquid from the seventh washing showed an absence of chloride 
ions, but the others which had been washed fewer times gave a test for 
chloride ions which would indicate that the sodium ion is probably adsorbed 
giving a stabilizing effect. There seems to be an optimum concentration of 
the electrolyte, for, if the cadmium hydroxide was not washed enough, a 
colloid was not obtained, as was also the case when too much of the sodium 
chloride was removed. 


^ O. F. Tower: J, Phys, C"hem., 28 , 176 (1924). 
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The amount of cadmium hydroxide in solution was determined electrolytic- 
ally by the oxalate method of Classen.^ It was found that, employing the 
concentrations of cadmium chloride and sodium hydroxide given above, the 
amount of colloid obtained at different trials was quite constantly 0.3466 grams 
of cadmium hydroxide per liter. This colloid is rather stable; after standing 
for about two weeks it slowly settles out. 

A cataphoresis experiment showed that the cadmium hydroxide, like most 
other metallic hydroxides in colloidal solution, was positively charged. 

Colloidal zinc hydroxide was prepared by the same method as the cad¬ 
mium hydroxide. It was found in this case that a little more than the equiva¬ 
lent amount of sodium hydroxide gave the best results. A flocculent precipi¬ 
tate was at first obtained, but upon standing fifteen minutes or so, it was 
peptized, and a very finely divided precipitate obtained, which was hard to 
settle by the centrifuge. The time required to wash the zinc hydroxide was 
much longer than in the case of the cadmium hydroxide, because the precipi¬ 
tate settled so slowly. Approximately 0.08 normal solutions of zinc chlorides 
and sodium hydroxide were used in this case also, being mixed in the same way 
as above,—50 cc. of half normal zinc chloride in 500 cc. of water, and then 
about 55 cc. of the half normal sodium hydroxide added. No test for hydroxyl 
ion could be obtained after the second washing. 50 cc. portions were treated 
in the manner described for cadmium hydroxide. It was found here also 
that the portion which had been washed five times yielded the most stable 
colloid. 100 cc. of this colloidal solution were used to determine electrolytic- 
ally the amount of zinc hydroxide, according to the method of Reinhart and 
Ihle.2 

The colloidal zinc hydroxide was rather unstable, settling out after two 
days, and varying amounts were obtained in solution, the most being 0.1383 
grams of zinc hydroxide per liter. 

Hantzsch® in 1902 found that a solution of zinc hydroxide in alkalies is 
almost entirely in colloidal form. He did not dialyze these solutions, but he 
found a considerable excess of alkali necessary to hold the zinc hydroxide in 
solution. Zinc hydroxide, which was held in solution with a great excess of 
sodium hydroxide, was dialyzed until free from both hydroxyl ions and chloride 
ions. A precipitate of zinc hydroxide formed inside the parchment tube. If 
zinc hydroxide, which was prepared as described above, was dialyzed instead 
of being centrifuged, no colloid formed, a precipitate settling out as in the 
case just mentioned. 

Gels of both cadmium hydroxide and zinc hydroxide were prepared by 
employing the method previously used in this laboratory for the preparation 
of nickel hydroxide gel.^ For the cadmium hydroxide gels, a solution of 
cadmium acetate in glycerine, containing eight grams of cadmium acetate 
[Cd(C2H802)2:3H20] to 100 cc. of glycerine, and a normal solution of potassium 

1 Classen; *‘Qusnt. Analyse durch Elektrolyse,” 4th Ed., p. 175. 

3 Reinhart and Ihle: J. prakt. Chem., (2), 24 , 193 (1881). 

^ Hantzsch: Z. anorg. Chem., 30 , 299 (1902). 

* O. F. Tower and Martha C. Cooke: J. Phys. Chem., 26 , 728 (1922). 
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hydroxide in alcohol, were used. The best gels were obtained when the follow¬ 
ing concentrations were employed; as is shown in Table VII: (i) 5 cc. of the 
cadmium acetate solution, 5 c.c. of glycerine, and 8 c.c. of the potassium 
hydroxide solution; (2) 5 c.c. of cadmium acetate solution, 5 c.c. of glycerine, 
and 10 c.c. of the alcoholic potassium hydroxide. When the cadmium acetate 
and alcoholic potassium hydroxide solutions were mixed without the further 
addition of glycerine, a gel did not form; the resulting solution was more 
viscous than the original, and was more opaque than the gel, but the cadmium 
hydroxide did not precipitate out. Too great a dilution with glycerine had 
the effect just mentioned, as did dilution with small amounts of alcohol and 
water. Some of these solutions formed gels several days later. If too much 
alcohol or water was employed for dilution, the cadmium hydroxide precipi¬ 
tated out upon standing. The gels, if shaken with water or alcohol, changed 
to the sol fonn, but the cadmium hydroxide remained in colloidal solution, 
as indicated by the viscosity and opalescence as well as the failure to form a 
precipitate. 

The cadmium hydroxide gels when first formed were rather opaque, but 
upon standing became opalescent; the opaqueness seemed to be due to air 
bubbles, because these could be seen in the gel upon allowing it to stand. 
These gels were very stable, exhibiting only a small amount of syneresis upon 
standing four months. 

The zinc hydroxide gels prepared by the same method were not as stable 
as the cadmium hydroxide gels, as the table indicates. A saturated solution 

Table VII 


Cadmium Hydroxide Gels 

Concentration of cadmium acetate in glycerine—8% 
Concentration of potassium hydroxide in alcohol—Normal 


Cadmium 

Potassium 

Glycerine 

Water 

Alcohol 

Results 

acetate 

hydroxide 




solution 

solution 

cc. used 

cc. used 

cc. used 


cc. used 

cc. used 





3 

6 

7 

0 

0 

No gel formed 

3 

8 

7 

0 

0 

Semi-gel, later forms gel 

4 

6 

6 

0 

0 

U (( U (( 

4 

8 

8 

0 

0 

Gel forms 

5 

8 

5 

0 

0 

Best gel in this group 

S 

8 

0 

5 

0 

No gel, later separates 

5 

8 

0 

0 

5 

it « u u 

S 

10 

5 

0 

0 

Very good gel 

6 

8 

4 

0 

0 

Good gel 

6 

8 

0 

6 

0 

No gel 

6 

8 

0 

0 

6 

tc « 

7 

10 

3 

0 

0 

Semi-solid, gel later 

8 

5 

0 

0 

5 

Semi-gel, then ppt. 

8 

5 

0 

7 

0 

u u u 

10 

10 

0 

0 

0 

No gel formed 
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Table VIII 
Zinc Hydroxide Gels 

Concentration of zinc acetate in glycerine—5% 
Concentration of potassium hydroxide in alcohol—Normal 


Zinc 

Potassium 

Glycerine 

Water 

Alcohol 

Results 

acetate 
cc. used 

hydroxide 
cc. used 

cc. used 

cc. used 

c.c. used 


5 

8 

5 

0 

0 

Semi-solid 

5 

10 

5 

0 

0 

Opaque gel, syneresis 

6 

9 

5 

0 

0 

in 5 min., ppt. next day. 

u u 

7 

8 

3 

0 

0 

Good gel which shows 

10 

10 

0 

0 

0 

syneresis next day, and 
ppt. in a few days. 

ti a a u 

10 

6 

0 

0 

5 

(Best gel of this group) 
No gel, ppt. soon 

10 

8 

0 

8 

0 

u u 


(Other concentrations of alcohol and water give similar results.) 

Note: The solutions formed when alcohol and water were added (Table VIII) appeared 
to be colloidal, but in a few hours a precipitate settled out. 


of zinc acetate [Zn(C2H802)2:3H20] in glycerine contains approximately 
five grams acetate per 100 cc. of glycerine. Equal amounts of this solution 
and normal potassium hydroxide solution (in alcohol) gave the best gels. 
Solutions which were diluted with small amounts of glycerine gave very un¬ 
stable gels, those diluted with water or alcohol did not set, and a precipitate 
soon settled out. All of the zinc hydroxide gels were apaque. Those prepared 
with the favorable concentrations set immediately, as did the cadmium 
hydroxide gels. The ones which had been diluted with small amounts of 
glycerine underwent syneresis in about five minutes, and those which formed 
the best jellies exhibited syneresis the next morning. Upon standing a few 
days a white precipitate settled out. If these gels were shaken with water or 
alcohol, a solution which appeared colloidal was obtained, but a precipitate 
soon settled out. 

Summary 

1. The different conditions under which cadmium sulfide and zinc 
sulfide yield Liesegang rings have been investigated. It was found that rings 
could be obtained with either a gel of agar-agar or gelatin, and that the sulfide 
ion must be in the gel, and the metallic ion above the gel. 

2. Bradford's theory of ring formation seems to account for the results 
obtained, with the addition that the sulfide ions are more strongly adsorbed 
by the precipitated sulfides than are the metallic ions. 

3. Colloidal solutions of cadmium and zinc hydroxides h^ve been pre¬ 
pared according to a method formerly used in this laboratory for obtaining 
colloidal nickel hydroxide. 

4. Gels of cadmium and zinc hydroxides have been prepared in solutions 
containing glycerine. 
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BY FLORENCE BUSH 

Some years ago Professor Phelps of Marshall College called the attention 
of Professor Bancroft to a laboratory experiment which was done regularly 
by the students at Tufts College in the introductory course. To show a 
difference in stability between hydrochloric acid and hydriodic acid, potas¬ 
sium chloride crystals were added in one case, and potassium iodide crystals 
in another case, to concentrated sulphuric acid. With potassium chloride 
hydrochloric acid is given off, while sulphuric acid oxidizes hydriodic acid 
to iodine. This was what the experiment was intended to show, and did 
show. The interesting thing was that hydrogen sulphide is said to come off 
first, and sulphur dioxide later. The gas evolved by the reaction was tested 
immediately with lead acetate paper and a positive test for hydrogen sul¬ 
phide was obtained. It seemed desirable to find out why the more strongly 
reduced compound was apparently produced first. 

According to Mellor\ Gay-Lussac found that concentrated sulphuric 
acid and hydriodic acid react according to the equation 

H2SO4 + 2HI = SO2 + 2H2() + I2, 

while Soubeiran noted that this reaction reverses when the concentration 
of the sulphuric acid is sufficiently low. With concentrated sulphuric acid 
and an excess of hydriodic acid, the reaction product is hydrogen sulphide, 

H2SO, + SHI = H2S + 4H2 + 4I2 

because hydriodic acid reduces sulphur dioxide to hydrogen sulphide. It 
should therefore be possible to get either hydrogen sulphide or sulphur 
dioxide from the reaction between sulphuric acid and hydriodic acid, de¬ 
pending on the relative amounts in the reacting zone. 

The following experiments were made with the purposes of testing this 
qualitatively. A small beaker was used, fitted with a cover for stirring and 
testing gases. Concentrated sulphuric acid was treated with sodium bi¬ 
sulphite until the solution smelled strongly of sulphur dioxide. Potassium 
iodide crystals were added without stirring and a test for hydrogen sulphide 
was obtained at once. In this case the effective concentration of sulphurous 
acid was high enough so that it was reduced by the hydriodic acid to some 
extent. The formation of sulphur in considerable amounts shows that the 
hydrogen sulphide concentration was high enough to cause some of it to 
react with the excess of sulphurous acid (or sulphur dioxide) according to 
the equation 

_ SO2 + 2H2S = 38 + 2H2O. 

*This work was done as part of the senior thesis under Professor Bancroft in the autumn 
of 1926. 

^ Comprehensive Treatise on Inorganic and Theoretical Chemistry,” 2, 204, 210 
(1922). 
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The experiment was repeated, stirring vigorously the solution which con¬ 
tained an excess of sulphur dioxide. A test for hydrogen sulphide was ob¬ 
tained at once and sulphur was also formed, showing that stirring does not 
change the reaction qualitatively. 

Concentrated sulphuric acid was next saturated with an excess of crushed 
iodine crystals and this mixture was stirred. Potassium iodide crystals were 
added in small amounts with constant stirring. A test for hydrogen sulphide 
was obtained immediately. 

Powdered potassium iodide crystals were added in small amounts to a 
concentrated sulphuric acid solution which was kept stirred constantly. 
Sulphur dioxide alone was detected until a very large amoimt of iodine had 
formed. Further additions of powdered potassium iodide then gave a test 
for hydrogen sulphide. The addition of small crystals and the vigorous stir¬ 
ring kept the hydriodic acid concentration low and prevented the formation 
of hydrogen sulphide until a sufficiently high concentration of sulphurous 
acid had been built up. 

That iodine itself affects the course of the reaction is shown by the fol¬ 
lowing experiment. Concentrated sulphuric acid was satui^ted with an 
excess of crushed iodine crystals and was kept stirred vigorously. On addi¬ 
tion of potassium iodide crystals in small amounts, a test for hydrogen sul¬ 
phide was obtained at once. This may mean that the presence of iodine 
stabilizes hydriodic acid to some extent, so that the concentration of the 
latter builds up sufficiently to permit the hydrogen sulphide reaction to take 
place, or it may mean that iodine catalyzes the reaction between hydriodic 
acid and sulphurous acid. This result was quite unexpected and calls for 
further investigation. 

The fact that hydrogen sulphide is obtained at once when potassium 
iodide crystals are added to concentrated sulphuric acid shows that there 
is something which causes a relatively high concentration of hydriodic acid. 
Initially we have a high concentration of sulphuric acid and neither sulphur 
dioxide nor iodine. The difference must occur at the surface of the potassium 
iodide crystals. With moderately large crystals we shall have at their sur¬ 
faces a film of potassium bisulphate, hydriodic acid, sulphuric acid, and 
potassium iodide, in which the concentration of sulphuric acid may easily 
not be high enough to oxidize hydriodic acid rapidly, and which may not 
be high enough to oxidize it at all. In that case, oxidation will occur when 
the hydriodic acid in relatively high concentration diffuses out of the surface 
film. 

If that is the case we ought to get no hydrogen sulphide if we stir vigor¬ 
ously or if we make the potassium iodide crystals small enough. It has al¬ 
ready been stated that only sulphurous acid is formed when pp^Wlered potas¬ 
sium iodide crystals are added with vigorous stirring. We have also found 
the same result when we add coarser crystals of potassium iodide with vigor¬ 
ous stirring or very finely powdered crystals without stirritig. 
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These experiments throw light on some work done by Faraday' in 1834 
on the electrolysis of sulphuric acid. ‘‘On experimenting with sulphuric acid, 
I found no reason to believe that it was by itself a conductor of, or decom¬ 
posable by, electricity, although I had previously been of that opinion. When 
very strong it is a much worse conductor than if diluted. If then subjected 
to the action of a powerful battery, oxygen appears at the anode, or positive 
electrode, although much is absorbed, and hydrogen and sulphur appear 
at the cathode, or negative electrode. Now the hydrogen has with me always 
been pure, not sulphuretted, and has been deficient in proportion to the sul¬ 
phur present, so that it is evident that when decomposition occurred water 
must have been decomposed. I endeavoured to make the experiment with 
anhydrous sulphuric acid; and it appeared to me that, when fused, such acid 
was not a conductor, nor decomposed; but I had not enough of the dry acid 
in my possession to allow me to decide the point satisfactorily. My belief 
is, that when sulphur appears during the action of the pile on sulphuric acid, 
it is the result of a secondary action, and that the acid itself is not electro- 
lyzable.^^ 

“Pure liquid sulphurous acid does not conduct nor suffer decomposition 
by the voltaic current,^ but, when dissolved in water, the solution acquires 
conducting power, and is decomposed, yielding oxygen at the anode, and 
hydrogen and sulphur at the cathode. 

“A solution containing sulphuric acid in addition to the sulphurous acid, 
was a better conductor. It gave very little gas at either electrode: that at 
the anode was oxygen, that at the cathode pure hydrogen. From the cathode 
*also rose a white turbid stream, consisting of diffused sulphur, which soon 
rendered the whole solution milky. The volumes of gases were in no regular 
proportions to the quantities evolved from water in the voltameter. I con¬ 
clude that the sulphurous acid was not at all affected by the electric current 
in any of these cases and that the water present was the only body electro- 
chemically decomposed; that, at the anode, the oxygen from the water con¬ 
verted the sulphurous acid into sulphuric acid, and at the cathode, the 
hydrogen electrically evolved decomposed the sulphurous acid, combining 
with its oxygen, and setting its sulphur free. I conclude that the sulphur 
at the negative electrode was only a secondary result; and, in fact, no part 
of it was found combined with the small portion of hydrogen which escaped 
when weak solutions of sulphurous acid were used. 

“I have already given my reasons for concluding that sulphuric acid is 
not electrolyzable, i.e. not decomposable directly by the electric current, 
but occasionally suffering by a secondary reaction at the cathode from the 
hydrogen evolved there. In the year 1800, Davy considered the sulphur from 
sulphuric acid as the result of the action of the nascent hydrogen.® In 1804, 

^ ^^Experimental Researches in Electricity,” 1, 201, 223 (1839). 

* See also De la Rive: Biblioth^que Universelle, 40 , 205; or Quarterly Journal of 
Science, 27 , 407. 

® Nicholson's Quarterly Journal, 4 , 280, 281. 
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Hisinger and Beraselius stated that it was the direct result of the action of 
the voltaic pile/ an opinion which from that time Davy seems to have adopted, 
and which has since been commonly received by all. The change of my own 
opinion requires that I should correct what I have already said of the de¬ 
composition of sulphuric acid in a former series of these Researches (552); 
I do not now think that the appearance of the sulphur at the negative elec¬ 
trode is an immediate consequence of electrolytic action. 

The opinion which Faraday had formerly held is to be found on p. 160 
(1833). ‘The theory I have advanced accords in a most satisfactory manner 
with the fact of an element or substance finding its place of rest, or rather 
of evolution, sometimes at one pole and sometimes at the other. Sulphur 
illustrates this effect very well. When sulphuric acid is decomposed by the 
pile, sulphur is evolved at the negative pole; but when sulphuret of silver is 
decomposed in a similar way, then the sulphur appears at the positive pole; 
and if a hot platina pole be used so as to vaporize the sulphur evolved in the 
latter case, then the relation of that pole to the sulphur is exactly the same 
as the relation of the same pole to oxygen upon its immersion in water. 
In both cases the element evolved is liberated at the pole, but not retained 
by it; but by virtue of its elastic, uncombinable, and immiscible condition 
passes away into the surrounding medium. The sulphur is evidently de¬ 
termined in these opposite directions by its opposite chemical relations to 
oxygen and silver; and it is to such relations generally that I have referred 
all electro-chemical phenomena. Where they do not exist, no electro-chemical 
action can take place. Where they are strongest, it is most powerful; where 
they are reversed, the direction of transfer of the substance is rtversed with 
them.^’ 

We know now that the shortage of oxygen at the anode, when sulphuric 
acid is electrolyzed, is due to the formation of persulphuric acid. It is easy 
to see that sulphuric acid can be reduced at the cathode to sulphurous acid 
and to hydrogen sulphide; but no direct reduction of sulphur to hydrogen 
sulphide is probable. 

The answer is apparently that the electrolytic reduction is normal, giving 
sulphurous acid and hydrogen sulphide, which then react to form sulphur 
according to the equation, 

SO2 + 2H2S = 3S -h 2H2O. 

This is confirmed by the fact that a great deal of sulphur is formed, as Fara¬ 
day himself says, when one electrolyzes a sulphurous acid solution to which 
some sulphuric acid is added. With a lead cathode in sulphuric acid, the 
amount of sulphur formed in a given time decreases markedly with rapid 
stirring, because then very little of the resulting sulphurous acid is reduced 
further. It is probable that with a platinum cathode and consequently a 
smaller over-voltage, the amount of sulphur formed for the^same current 
density could be decreased still more; but this experiment was not tried. 


1 Ann. Chiicie. 51 , 173 (1804). 



SULPHURIC ACID AND HYDRIODIC ACID 


617 


While concentrated sulphuric acid oxidizes hydriodic acid to iodine, 
it is well known that in dilute solution^ sulphur reduces iodine to hydriodic 
acid. “Sulphurous acid is oxidised quantitatively to sulphuric acid by 
N/io iodine, without the separation of sulphur. The intermediate formation 
of the yellow compound, SO2.HI, which occurs in solutions of moderate 
concentration, has no influence on the final result. The low results obtained 
when sulphurous acid is exposed to the air during the titration are due en¬ 
tirely to evaporation of sulphur dioxide, the amount of atmospheric oxida¬ 
tion being negligible. 

“Sodium sulphite solution is more readily oxidised than sulphurous acid; 
consequently atmospheric oxidation is a more disturbing factor when sodium 
sulphite is titrated with iodine. Since the reaction between sulphurous acid 
and iodine is not reversed under the state of dilution obtaining in volumetric 
analysis, the addition of sodium hydrogen carbonate to neutralise hydriodic 
acid, as when solutions of arsenious compounds are being titrated, is un¬ 
necessary; and since a sulphite solution is oxidised so quickly, it is not neces¬ 
sary to allow a time interval for such oxidation to be completed.’^ 

Since concentrated sulphuric acid reacts with hydriodic acid to form 
iodine and sulphur dioxide, and since this reaction reverses when the sul¬ 
phuric acid is more dilute, there must be a concentration of sulphuric acid 
at which the reaction reverses. As a first approximation fifty percent sul¬ 
phuric acid is about the limit at which sulphur dioxide will still reduce iodine. 
It might be interesting to determine this point electrometrically. 

From the exileriments described in the first part of this paper it is evident 
that there is a range of concentrations over which hydriodic acid reduces 
sulphurous acid to hydrogen sulphide, which may then react with excess 
sulphur dioxide to give sulphur. That sulphurous acid or sulphur dioxide 
should be a stronger oxidizing agent in a more strongly acid solution is merely 
another instance of the almost universal fact that acid increases the oxidizing 
power of oxidizing agents and that alkali increases the reducing power of re¬ 
ducing agents, quite regardless whether the oxidizing or reducing agent is 
or is not an electrolyte in the ordinary sense of the term. 

Wardlaw, Carter and Clews^ are not satisfied with so simple a statement 
as the one just given. “The facts that sulphur dioxide reduces most readily 
in a dilute acid medium, and that it oxidises most readily in a strong acid 
medium,* may be correlated if oxidation and reduction are explained on an 
ionic basis, oxidation being represented by the surrender of positive charges 
and reduction by the transference of negative charges. 

“Sulphur dioxide in aqueous solution is generally regarded as a mod¬ 
erately weak acid, ionising principally into H*, HSO./, and SO3" ions. [It is not 

^ Macaulay: J. Chem. Soc., 121, 552 (1922). 

* J. Chem. Soc., 117, 1247 (1920). 

3 [They mean that sulphur dioxide reduces or oxidises something else—just the opposite 
of what they actually say.] 
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clear how this differs in principle from the ionization of sulphuric acid, which 
is usually classed as a strong acid.] It is in this condition that it reacts as a 
reducing agent. Thus: 

2Fe- --+ 803 + H2O = 2Fe- ’ + 80 / + 2H\ 

In strongly acid solution containing a large number of hydrions, the con¬ 
centration of 863'^ ions will be reduced, and, on the above assumption, its 
power of reducing should be diminished. This is in accordance with the 
experimental results. 

“Now let it be assumed that sulphur dioxide is capable of ionizing to 
an extremely minute extent as a base, yielding a correspondingly minute 
amount of sulphur ions. It has been shown that the sulphoxides, the organic 
analogues of sulphur dioxide, have basic properties.^ This tendency will be 
all the greater the larger the number of hydrions present in solution. Thus: 

HiO 

S 02 :;=i: 08 ( 0 H) 2 ;^ 80 - ’ + 2 (OH)', 

H«0 

S0*-:?=±H208-*-- + 2(0H)'. 

In view of the large number of hydrions present in the solution, the concen¬ 
tration of hydroxyl ions would be reduced to a very low value and the reaction 
toward the right favoured. Oxidation is now represented 

8* * * ’ -f- 4Fe* * —^ 4 Fe* * * 8. 

If oxidation takes place due to the ion 80 * *, 

28O* * + 4 Fe* * 4Fe* * * + 28O, 

28O + H2O—>^H28208, 

which represents an intermediate stage in the reduction of sulphur dioxide 
to sulphur. Thiosulphuric acid would break up into sulphur dioxide and 
sulphur. It may be observed that the latter hypothesis is in many respects 
a re-statement of the thionyl chloride hypothesis^ applied ionically and more 
generally.'' 

Wardlaw is apparently adopting a view similar to that advanced by 
Faraday in 1833 and discarded by him in 1834. He ignores the whole question 
of hydrogen sulphide. The reaction between hydrogen sulphide and sulphur 
dioxide has been studied recently by Matthews.® 

“To bring about the decomposition of a mixture of sulphur dioxide and 
hydrogen sulphide in either the gaseous or the liquid state, the addition of a 
third substance is necessary, and it has been demonstrated that this third 
substance must be in the liquid phase. There is no rigid relationship between 
the values of the dielectric constants of substances and their chemical activity 
as measured by their ability to bring about the interaction of h3wirogen sul- 

1 Fromm and Raiziss: Ann., 374 , 90 (1910); Fromm: 396 , 75 (1913). 

* Wardlaw and Clews: J. Chem. Soc., 117 , 1093 (1920). 

» J. Chem. Soc., 1926 , 2270. 
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phide and sulphur dioxide. The assertion that hydrogen sulphide and sul¬ 
phur dioxide when in a liquid state react vigorously, even when dry, has 
been disproved. It is suggested that the activity of a substance in causing 
decomposition is dependent on the solubility of the two gases in the substance 
when liquid, or on the solubility of the solid in the liquid mixture of the two 
gases. 

Atmospheric oxygen oxidizes hydriodic acid more rapidly than it does 
sulphur dioxide. Consequently we may have the oxidation of sulphur dioxide 
by atmospheric oxygen taking place in two stages: 

2SO2 + 4H2() + 2I2 = 2H2SO4 + 4HI 
and 4HI + 02 = 2H2O + 2I2. 

This is, therefore, an induced reaction^ with oxygen as the actor, hydriodic 
acid as the inductor, and sulphur dioxide or sulphurous acid as the acceptor. 
Since the hydriodic acid is regenerated as long as there is an excess of sulphur 
dioxide and as long as the sulphuric acid concentration stays below about 
fifty percent, hydriodic acid catalyzes the reaction between sulphurous acid 
and oxygen, though not very rapidly. 

The general results of this paper are: 

1. Concentrated sulphuric acid oxidizes hydriodic acid to iodine. With 
a relatively low concentration of hydriodic acid the sulphuric acid is reduced 
to sulphurous kcid; with a relatively high concentration of hydriodic acid 
the reduction goes to hydrogen sulphide. Sulphur is due to the reaction 
between hydrogen sulphide and sulphurous acid. 

2. When potassium iodide crystals are dropped into concentrated sul¬ 
phuric acid, the relative amounts of sulphurous acid, hydrogen sulphide: 
and sulphur can be varied within rather wide limits by changing the sizes 
of the potassium iodide crystals and the rate of stirring. 

3. Iodine crystals seem to catalyze the reduction of sulphurous acid 
to hydrogen sulphide; but this has not been proved to be the case. 

4. The formation of sulphur when concentrated sulphuric acid is elec¬ 
trolyzed is due to the reaction between hydrogen sulphide and sulphurous acid. 
There is no evidence for the existence of a sulphur or a sulphur-oxygen cation. 

5. Since sulphurous acid reduces iodine to hydriodic acid in weakly, 
and oxidizes hydriodic acid to iodine in strongly, acid solutions, there must 
be a concentration of sulphuric acid above which sulphurous acid does not 
reduce iodine. This seems to come at about fifty percent sulphuric acid. 

6. The change of sulphurous acid from a reducing agent to an oxidizing 
agent with increasing concentration of sulphuric acid seems to be another 

^ Luther and Schilow: Z. physik. Chem., 46, 777 (1903). 
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instance of the practically general case that a reducing agent is more power¬ 
ful in an alkaline solution and that an oxidizing agent is more powerful in an 
acid solution. 

7. Since atmospheric oxygen oxidizes hydriodic acid more rapidly than 
it does sulphurous acid, hydriodic acid acts as a catalyst in the oxidation of 
sulphurous acid by atmospheric oxygen so long as sulphurous acid is present 
in excess relatively to the hydriodic acid and so long as the sulphuric acid 
concentration is well below fifty percent. 

8. If we consider the preceding reaction as an induced reaction, oxygen 
is the actor, hydriodic acid the inductor, and sulphurous acid the acceptor. 
This is a clean-cut case of catalysis in a homogeneous system with the inter¬ 
mediate formation of a definite chemical substance, iodine. 

Cornell University. 



STUDIES ON SILVER SOLS 


BY SIMON KLOSKY 

In view of the statements in the literature,it was thought desirable 
to investigate thoroughly the effects of adding ethyl alcohol to a well-defined 
hydrophobic sol. 

With the criticisms of Bancroft^ in mind, silver sols were chosen as they 
are easy to prepare by the method of Kohlschiitter® and according to the 
modification worked out in our laboratory, should be very pure as no ex¬ 
traneous chemicals are introduced. 

The effect of adding alcohol to silver sols has been investigated formerly*^ 
but not under the controlled conditions wished for by the present writer. 

Preparation of the Sols 

It was found by Uarmody^ that if silver oxide, prepared by mixing equiva¬ 
lent solutions of analyzed silver nitrate and sodium hydroxide at 5o°(\ and 
washed by decantation until all sodium was absent, is suspended in water 
heated to ioo°(\ and rapidly filtered, an opalescent filtrate is obtained, 
which on reheating to 8o°(\ slowly produces a sol with all the characteristics 
of the familiar Kohlschtitter^^ silver sol. This method differs from that of 
(iarard and Duckers^^ who used gelatine as a protective agent. 

Twenty liters of this sol were prepared and concentrated by evaporation 
on a water bath. Varying volumes of it were mixed with ethyl alcohol ob¬ 
tained from a well-known producer of this chemical, which has been frac¬ 
tionally distilled three times. No attempt was made to dry it, but the density 
was determined by pyknometer and the water content read from tables. 
In this way mixtures containing o to 90^^ alcohol by volume and differing 
^>y S% were prepared. These sols were stable for over one year. This is 
known as series A. 

Sol B was prepared in the same way but was not concentrated by evap¬ 
oration. It was diluted \vith mixtures of alcohol and water, so that the 
amount of silver in each sol remained constant. The volumes of alcohol wTre 
10, 20, 30, 40, and This is called series B. Similarly sol C was pre¬ 

pared, but it was used only for analysis. 

Composition of the Sols 

The sols were analyzed in the following ways: the total silver was deter¬ 
mined by adding nitric acid and titrating with potassium sulphocyanate, or 
precipitating as silver chloride and weighing, or comparing in a nephelometer 
with a standard. Potassium nitrate was added to another sample of the 
same sol; this coagulated the colloidal silver and the supernatant liquid was 
analyzed by one of the methods mentioned, for soluble silver. The pre¬ 
cipitated colloid was dissolved in nitric acid and analysed for colloidal silver. 



622 


SIMON KLOSKT 


In one case (sol C) an attempt was made to determine the unreduced 
silver in the micelle, by the method of Kohlschiitter* which consists in 
reducing it with hydrogen in a platinum dish; but after four'hours of this 
treatment no change having taken place the method was abandoned. 

Sol B was titrated with mercuric chloride” and the unreduced silver in 
the micelle calculated. 

The results are given in Table I, in which some of the analyses of Kohl¬ 
schiitter* are included for comparison. 

Table I 

Analysis of Silver Sols 


Number 
of Sol 

Total 

Silver 

Soluble 

Silver 

Colloidal 

Silver 

Reduced 

Silver 

Method 

Observer 

A 

86 mg/1 

72.4 

13.6 

— 

Neph. 

Kane** 

B 

50-55 

23-15 

27-30 

19-20 

KSCN 

Harriman** 

C 

49-5 

42.9 

6,7 

— 

KSCN 

Woo» 

C 

49.8 

40.9 

8.9 

— 

AgCl 

Woo» 

12 

52.8 

30.2 

22.6 

21.6 

KSCN 

Kohlschiitter* 

13 

88.4 

77.6 

10.8 

8.6 

KSCN 

Kohlschiitter* 

14 

47-4 

33-4 

14.0 

12.9 

KSCN 

Kohlschiitter* 


Physical Properties 

The densities of scries A were determined at 2 5®C. by pyknometer” and 
found substantially the same as that of the pure dispersion media. These 
data were used in the determination of the viscosities, by aid of an Ostwald 
pipette. The viscosities are slightly less than those of the dispersion media.** 
This is not in agreement with Woudstra** who found the viscosity of silver 
sols in water more than the viscosity of pure water. These results which 
were made preliminary to the determination of the migration velocities of 
the sols are given in Table II. 


Table II 


Physical Properties of Sol A at 2 s“C*® 


% Alcohol 
by weight 

Relative 

Viscosity 

Density 

% Alcohol 
by weight 

Relative 

Viscosity 

Density 

0.888 

1.581 

0.8197 

0.422 

2.374 

0.9370 

0.842 

1.666 

0.8357 

0.374 

2.186 

0.9475 

0.794 

1.906 

0.8508 

0.327 

2.185 

0.9561 

0.748 

1.944 

0.8606 

0.281 

1.978 

0.9619 

0.701 

2.147 

0.8720 

0.234 

1.844 

0.9670 

0.654 

2.174 

0.8844 

0.187 

1.667 

0.9722 

0.608 

2.348 

0.8940 

0.140 

1.461 ft 

0.9836 

0.561 

2.317 

0.9082 

0.094 

1.263 

0.9898 

0.514 

2.429 

0.9146 

0.047 

1.116 

0.9930 

0.465 

2.297 

0.9233 

0.000 

1.003 

0.9968 
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Cataphoresis Experiments 

The results were obtained with a Burton^® apparatus, modified in a way 
similar to that of others.'®*^^ It was found difficult to fill the apparatus and 
keep the layers from breaking when the pure dispersion medium, of the same 
percentage of alcohol, was placed above the sol, due to the slight difference 
in density. But when 75% alcohol was used no trouble at all was experienced 
and for this reason it was employed throughout in the cataphoresis measure¬ 
ments of series B. 

Measurements were made by taking readings on the height of each layer 
with a cathetometer and reversing the current at least three times. The sol 
was then run out and a new sample of the same composition run in and the 
process repeated. 

Ihe readings of each set were averaged and the mean of the two sets 
taken as final. A sample set is shown below: 


Table III 


Rate of 

Rate of 

Average 

Gradient 

Mobility 

right layer left layer 

Rate 

volts/cm. 

Cm/sec/volt/om 

0.00174 

0.00130 

0.00152 

21.0/28 

0.0000338 

0.00200 

0.00150 

0.00175 

00 

0 

0.0000341 

0 00087 

0.00174 

0.00130 

Average 

24.8/28 

0.0000244 

0.0000308 

In this way the data of Table IV were obtained. 

Tablk IV 


Sol. No. 

% Aleohol 
by weight 

Mobility D.E.K.**® 

Viscosity^^ 

Relative 

Boundary 

Potential 

B-I 

0.00 

76X10-® 79.5 

0.894 

1.000 

B-II 

765 

42 75-6 

1.220 

0-795 

B-III 

15.61 

29 73-7 

1.600 

0.739 

B-IV 

23.89 

28 68.6 

1.960 

0.938 

B-V 

32-55 

28 61.4 

2.222 

1.207 

B-VI 

41.56 

30 583 

2.382 

1-436 


From this data by use of the relative viscosity of the dispersion medium,-^ 
which Hipkins'® has found to be practically equal to that of these sols, and 
the dielectric constants^ the charge on the particles can be calculated. 

In every case the velocity has been decreased by the alcohol. This is in 
agreement with similar measurements^* made on series A, but these results 
were not so consistent as the voltage was only measured at the two terminal 
electrodes and the readings of the levels in the more dilute sols were uncertain. 

When the potential of the double layer is calculated according to equa¬ 
tion:*® 
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using the data already mentioned, it is seen to go through a minimum. These 
results seem to be at variance with the precipitation values which will now 
be considered. 

Precipitation Experiments 

The effect of ethyl alcohol on the precipitation values of potassium, cal¬ 
cium and aluminium ions were determined for both series A and B. These 
values were obtained by adding drops of each electrolyte to five c.c. of sol 
and observing the effect after 24 or 48 hours. These results are given in 
Tables V and VI. 

The concentration of the precipitating ions is in every case decreased by 
the alcohol. This is in agreement with the data of Bikerman^ who inves¬ 
tigated the effect of adding propyl alcohol to arsenic sulfide sols. 

The ratio of the equivalent concentrations of the different ions, necessary 
to cause precipitation is in agreement with the well-known Schultz-Hardy 
rule, in our case 1:63:1400 for series A, and 1:20:5650 for series B. In the 
case of the calcium-potassium ratio in series B which is 1:20, it remains 
practically thus independent of the percentage of alcohol. 

From these results it is evident that the alcohol has sensitized the sols 
in every case. 

Table V 

Precipitation Values for Series A‘- (After 24 Hours) 

% Alcohol Drops of N K Drops of 0.02 N Ca Drops of 0.001 Ai 

by volume to ppt. 5 c.c. to ppt. 5 c.c. to ppt. 5 c.c. 


0 

22 

20 

16 

5 

11 

— 

— 

10 

I 

(7) 

14 

iO 

20 

4 

— 

_ 

25 

(3) 

9 

6 

30 

— 

— 

7 

35 

2 

7 

6 

40 

— 

6 

4 

45 

— 

6 

— 

50 

1 

6 

— 

55 

(0 

4 

3 

60 

— 

— 


65 

I 

— 

— 

70 

(l) 

I 

2 

75 

— 

— 

— 

80 

I 

(i) 

» 2 

85 

— 

1 


90 

— 

— 

— 

95 

I 

— 

— 
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Table VI 


Precipitation Values of Series (After 48 Hours) 

% Alcohol Drops of N K Drops of 0.02 N Ca Drops of 0.001 N Ai 

by volume to ppt. 5 c.c. to ppt. 5 c.c. to reverse 5 c.c. 

06 17 — 


10 

3-4 

12 

20 

2~3 

8 

30 

I~2 

5 

40 

I 

4 

50 

1 

3 


5 

5 

3 

2 

1 


Discussion of Results 

The sols prepared by our method are 
undoubtedly of the same nature as those 
of Kohlschiitter, as the analyses show. 

The precipitation values for the colloid 
are in every instance lowered by the alco¬ 
hol ; but the calculated value of the 
boundary potential (f) is seen to rise 
again after the addition of twenty-five 
per cent alcohol. This is a contradictory 
behavior, and no reason is known for it. 

The boundary potential has been ob¬ 
served to deviate from expected behavior 
by other observers, who are mentioned 
by Kruyt-^^ in his discussion of this matter. 

The writer has a thought, which may 
explain the present behavior. It is well 
known that the solubility of nitrates 
which were the precipitating electrolytes 
used, is decreased in the presence of 
alcohol. It is also well known that the 
adsorbability of a substance by a given 
adsorbent increases as the solubility of the 
adsorbate decreases.'^^ Consequently in this 
case, if the boundary potential rises in the sols of higher alcoholic content, more 
electrolyte will be necessary to neutralize the charge; but as the amount 
adsorbable at a given concentration has been very much increased by the 
alcohol, perhaps an actually smaller concentration of precipitating ion will 
be all that is necessary to cause coagulation. 

P"or convenience in visualizing the variables involved, they are all plotted 
as relative values in Fig. I. 

Summary 

A simple method of preparing silver sols has been shown, and the ap¬ 
proximate composition of the micelle has been determined. 

The density and viscosity of these sols in the presence of varying amounts 
of ethyl alcohol have been measured. 
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The migration velocities have also been determined, and the boundary 
potential calculated. 

The coagulation values of potassium, calcium and aluminium ions were 
included and the sensitizing effect of alcohol has been proven. 

The writer wishes to thank his students and coworkers for their co-opera¬ 
tion in this investigation, especially W. R. Carmody, E. A. Kane, C. C. 
Hipkins, L. P. L. Woo, A. J. Harriman, J. A. Mathews, and George D. Rock. 


References 

1 Billiter: Z. physik. Chem. 34, 312 (1903). 

^ Rona and Gyoray: Biochem. Z., 195, 833 (1920). 

* Sen: J. Phys. Cnem., 29, 516 (1925). 

^ Janek and Jirgensons: Kolloid-Z., 41, 40 (1927). 

* Bancroft: “Conoid Symposium Monograph,” 1, 20 (1923). 

* Z. Electrochemie, 1^ 49 (1908). 

Bikerman: Kolloid-Z., 42, 292 (1927). 

* Carmody: Master's Thesis, Catholic University (1924). 

* Woo: Unpublished data (1927). 

Cerard and Duckers: J. Am. Chem. Soc., 47, 692 (1925). 

“ Holmes: “Laboratorjr Manual of Colloid Chemistry,” p. 3. 
Kane: Master's Thesis, Catholic University (1926). 

" Harriman: Unpublished data (1927). 

Mathews: Unpublished data (1927). 

Hipkins: Bachelor's Thesis, CathoUc University {1925). 

“ Kniyt and van der Willigen: Kolloid-Z., 44, 27 (1928). 

Bendien and Janssen: Rec. Trav. chim., (4), 8, 740 (1927). 

“ Woudstra: Z. physik. Chem., 63, 619 (1908). 

Burton: Phil. Mag., (6), 11, 436 (1906). 

Rock and Klosky: Phys. Rev. (2), 31, 1134 (1928). 

Angelescu and Comanescu: KoUoid-Z., 44, 288 (1928). 

** Kruyt, etc.: “Colloid Symposium Monograph,” 4, 304 (1926). 
"Freundlich: Z. physik. Chem., 114, 71 (1925). 

^ “Smithsonian Tables,” p. 155 (1921). 

The Martin Maloney Chemical Laboratory^ 

The Catholic University of Americaj 
Washington, D. C. 

ms. 



OSMOTIC AND ACTIVITY COEFFICIENTS 


BY R. C. CANTELO 

Debye and HuckeF in their brilliant paper on the theory of strong elec¬ 
trolytes, on the assumption that interionic forces exist between the ions 
obtain for the potential energy 11^, of the ions in the solution, the expression: 



vNiZi* I 

* 2 D I+K&i 

(i) 

where 

jc* — S n z * 

DkT^ “ 

(2) 


and the other symbols have the following significance: 

Ue = potential energy of the ions, or the electrical energy of the solution 
in ergs; Ni is the total number of ion-molecules of the ith kind of valence 
z, in the solution; e is the charge on a univalent positive ion viz: 4.774 X 10*“'*^ 
c.s.u.; D is the dielectric constant of the medium at the absolute temperature 
T; k is the gas constant for i molecule viz: k = R/N, where N is Avogadro^s 
number (6.061 X 10^); and n, is the number of ions of the ith kind per 
cubic centimeter of solution. 

Now the Electrical Free Energy of the solution represents the potential 
free energy of the solutioriy due to the potential energy Ue of the ions. It may 
be defined by the equation: 



This gives for Fe, 

Fe = - 2N,Zi*Xi ( 4 ) 

Where Xi is a function of the ionic diameter aj. If now in place of a, and 
Xi we introduce an average value of a and, therefore, of X, we obtain: 

F. = - SNiZi** (S) 

3D 

Debye and Hiickel introduce also a function <r defined by the equation: 

, = ^ (6) 

dK 

This function is so related to X that 


2X -}*■ (T == 


3 

I + Ka 


(7) 


^ Debye and Hiickel: Physik. Z., 24 , 185 (1923). 
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Now the simplest way of testing the validity of the theory is to derive 
expressions for the activity coefficient or activation, and osmotic coefficient 
of an electrolyte, and then to compare the values calculated from these ex¬ 
pressions with the values obtained experimentally from freezing point or 
electromotive force measurements. 

Debye and Htickel derived equations for f and 0 , the activation and 
osmotic coefficient, and these equations have been tested experimentally by 
many investigators. In the present paper, the writer gives a simple alter¬ 
native derivation of these equations. 

Let us consider a symmetrical binary electrolyte forming a total of n ions. 
Then the electrical free energy of the solution is 


Then 


Hence, 



Fi,. 


nz* 

3 F> 


d(xX)n 
3 D dn 


3 D 

ra(/cX) 
L dK 


6 «Z» 

3 D 

r dK 

L'^dn ■ 

n + kX j 

«*Z* 

3 D 


€*Z* 

6D 

a + 2 


6 ®Z*K 

3 

_ th^K 

6 D 

i+fca 2D(i+ica) 


is) 


( 8 ) 


Activity Coefficients 

If Fo be the free energy of the ions when they are at the infinitely small 
concentration Co, and F the corresponding free energy when the ions are at 
the finite concentration Ci, we have the relation, 

F — Fo = NRT In ai/ao (9) 

where a® and ai are the activities and N is the number of ion-mols in the solu¬ 
tion. Using n, the number of ion-molecules, we have 

F = Fo + n kT In ci/co + n kT In fi/fo (10) 

where fo, and fi are the activations. F is evidently the free energy of the ions 
in the solution. Since Co is infinitely small, the last term becomes n k T In f. 
If the ions were uncharged we should have for F, 

(ii) 


F = Fo + nkTln ci/co 
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Hence the last term of (10) must represent the partial electrical free energy 
of the ions in the solution. Hence from (8), we can write 



nkT In f = - ^ • n 

2D(i + kb) 

(12) 

Then 

kT In f = - ^ ‘ ^ * , 

2D(i + (ca) 

(13) 

or 

1 f 1 

“ 2DkT(i+/ca) 

(14) 


where f is the activation of a single ion. Now Equation (2) can be trans¬ 
formed into: 


SttcNm 

loooDkT 


(is) 


where /x is the ionic strength' of the electrolyte. When numerical values are 
substituted in (15) we obtain for 2 5®C, 

K = 0.3283 X 10^ \/ fj. (16) 


Using this value of /c, substituting numerical values and changing to 
decadic logarithms transforms Equation (14) to 


- log f = 


+ 


0.505 V n 
1 + 0.328 X io®a\/ M 


(17) 


for the activity coefficient of a single ion at 2 5®C. 

Now what we are interested in is the mean activation f ± of an electrolyte. 
The mean activation of an electrol3rte of the type is defined by: 

f zb = (18) 

where v = vi + P2 

Zi Z2 

Again for an electrolyte of the type A^i B,., > ^iZi = ^'222. Hence 


From (18) 


Vl _ V2 _ Pi + P2 _ V 
Z2 Zi Z2 H” Zi Zi -f- Zo 

In f zb = P\/p\nii + P2IV In f2 


Z2 


- Inf i: 


— In f ± 


Zl + Z 2 
Z2 


In fx + 


Zl 


Zl + Z2 


In f2 


€ 2 Zi^K 


+ 


Zl 


€‘^Z2^K 


Zl + Z2 2DkT(i + kb) Zl + Z2 2DkT(i + kb) 

€^/CZiZ2 

2DkT(i + ica) 

€^fCZi.Z2 

2DkT(i+Ka) 


[ Zl + Z2 I 

Zl + Z2J 


('9) 


^ Lewis and Randall: J. Am. Chem. Soc., 43 , 1141 (1921). 
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When numerical values are substituted, Equation (19) becomes: 

-logf±= M 

1 + 0.328 X 10® a V M 

If we expand the denominator, this gives 

—log £± = 0.505 ZiZi \//t [1—0.33X10* a\//*+o.io89Xio'*a*M+ • • •] (21) 


When the solution is dilute, the terms higher than the first become neghgible 
since a is of the order of io“*cm. Hence for a dilute solution Equation (20) 
becomes equivalent to that of Debye and Hiickel for the limiting case 
of c —> o, i.e.* 

— logf ± = 0.505 Z1Z2 Vm (22) 


Osmotic Coefficient 

The partial molal free energy of the solvent in a perfect solution or in an 
infinitely dilute solution is defined by the equation:— 

Fs - Fs = RT In (i - x) (23) 


where Fj is the free energy of the pure solvent and x is the mol-fraction of 
the solute. 

For an infinitely dilute solution, this reduces to 

F* - F2 = - R T X (24) 


Equation (24) defines the behavior of the solvent for the ideal state of an 
infinitely dilute solution. For an actual state other than an ideal one we shall 
correct for the deviation in the behavior of the component from its behavior 
in the state of zero concentration of solute, by means of an osmotic coefficient 
<t>‘, and we shall define <f> by 


0 = 


Aobti 

^idoal 


(25) 


where A refers to the depression of the freezing-point of the solvent, 
for any solution, EJquation (23) can be written: 

Fs — Fj= —RTx<^ 

and for several solutes, 


Fs - Fs = - R T (x, -F xs -f- X, -f ... .)<> 
We shall now define a quantity, by the equation, 

Fs,a = - RT <t>x - RTx) 
i.e. Fs,e = — R T X (<f> — i) 


or for a single molecule 

Fs,e-k T X (0 - i) 

„ e*icXnz* 

Je = 


' See Brdnsted and LaMer: J. Am. Chem. Soc., 4 d, 561 (1924). 


Then 

(26) 

(27) 


(28) 

(28a) 

(S) 
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while the partial free electrical energy of the ions is n Fl,e 

e^icz^n 

“ ;D(i + /ca) 

X = 1 - |/ca + |#ca2 +., 

F. = ~ (i - ffca + I (fca)2 ~ + ... 

and Fe = — (i — xa + (/ca)^ — +., 


(2g) 

whence we get 
7 (a) 


(29a) 


A comparison of Equations 7(a) and (29a) shows that a part of the free 
electrical energy of the solution must reside in the solvent. This electrical 
free energy of the medium is given, evidently, by Equation (28). 

Now F,., Fi,(. and F2,o are related according to the familar thermodynamic 
equation: 

Fo == n Fi,e + no F2,c (30) 

where n = number of ion-molecules, and no = number of solvent molecules. 

Upon substituting the respective values from Equations (5), (29) and 
(28) we obtain. 


€^KXn 7 J 

3D 

6 ‘“KXnz’^ 

Tir* 


€^#cz“n 

2f)(i + K'a) 


— kTxno (</) — r) 


€^KZ-n 


2D(i + Ka) 

and for moderate concentrations we can write, 


== kTxno (0 — i) 


e^Kknz^ r X 

- .L__l = 

D L3 

2(1 + Ka) J 

e*Knz* r 2X 

3 1 _ 

~D“’ LT 

6(1 + Ka) J 

e*icz® r 2X 

2X + (tI 

TT L "6 ' 

6 J 


kT “ no ((> - i) 
n© 

kTn (</) - i) 
kT (</> - 1) 


(‘kZ^(T 


or 


= kT«^>- .) 


whence we get 


_€2kzV 


(31) 


Equation (31) holds for a symmetrical binary electrolyte. From Equations 
(14) and (31) we obtain the relation 

_ Inf ± ^ _3 _ 

1 — 4> + kh) 


(32) 
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Hence for any electrolyte, we have the relation 

, (r(i + Ka), * 

I _ (A --i-^lnf± 

I 


Then from Equation (19) we obtain for the general equation for i — 4 >t 


_ e^KZiZ2<r 


(33) 


Upon substituting numerical values we have finally, for 0“ C. 

I — ^ = 0.373 ZiZ 2 (J-'\ 4 i 

and for the limiting case of extremely dilute solutions, for which a- = i, we 
have 

I - </> = 0.373 ZiZ2\/m ( 3S) 


Department of Chemistryy 
University of Cincinnatiy 
Cincinnatiy Ohio, 
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Colloid Symposium Monograph. Edited by H. B. Weiser. Vol. VI. 23 X 16 cm; pp. 
346. New York: Chemicxil Catalog Company^ 1928 . Price' $ 6 . 50 . This volume contains 
papers by Sir William Hardy, the guest of honor; W. D. Harkins; D. R. Briggs; Kenrick and 
Griffin; McBain, Wynne-Jones and Pollard; Laing; McBain and Harrison; Bancroft and 
Barnett; Burton and Deacon; Stamm; Moloney and Taylor; Abramson; Mudd, Luck<^, 
McCutcheon and Strumia; Hastings; Wasteneys and Borsook; Krantz and Gordon; 
Hauser, Miedel and Himemorder; Trumbull; Whitby, McNally and Gallay; Fanselow; 
Olsen; Sheppard and Lambert; Holmes and Williams; Nichols; Neville and Jones; Weiser 
and Cunningham. 

‘The third great advance is in the recognition of ferments as the active agents in the 
machine. In my early days ferments were still classified as organized and unorganized. 
The former were living cells, such as yeast cells, the latter free ferments produced by living 
cells. 1 cannot recall anyone bold enough to suggest that inside the cell were ferments 
whose business it was to control chemical change. 

“Buchner made the first great necessary step when he conducted alcoholic fermentation 
in the absence of living cells but by ferments extracted from living cells. Since then en- 
doferments have been demonstrated in plenty. Meyerhof, for example, has prepared from 
muscle an extract practically free from protein which contains a catalyst, or catalysts, 
which reproduces in vitro the changes in carbohydrate characteristic of intact muscle. 

“Let us look a little more closely at this question of catalysts, for it is not without its 
difficulties. C-learly their activities are controlled during life because at death they become 
a disorderly mob who pull the very fabric to pieces, protein and all becoming involved in the 
breakdown. They are during life restrained, subject to a coordinating timing device in the 
intact machine. 

“It is a plausible suggestion, due to Jordan Lloyd, that the proteins exert the control. 
There are plenty of instances in the chemistry of living matter. Haemoglobin, the red 
pigment of blood, carried oxygen from the air in the lungs to the tissues, and the dissociation 
constants of the haemoglobin of different animals are such as fit it for the peculiar needs cd 
that animal. Now haemoglobin is comi>osed of an active molecule haematin which, though 
capable of oxidation and reduction, is totally unsuited to carry oxygen in the blood. It is 
only when combined with protein that it is fitted for its task. And there is more. Haematin 
seems to l>e the same in ail animals in which it is found, but the provein ally is different. 
The inference is so obvious that it need not be stressed,’' p. 10. 

“Milk, a solution of chlorophyll-like muscle juice, can be coagulated by freezing and 
thawing, but the molecular changes need time for their accomplishment and therefore, as 
is well known, they can be avoided if both cooling and thawing are sufficiently rapid. 1 do 
not recall a colloidal solution which does not give this evidence of a time lag in the process 
of coagulation, 

“Now here are two facts which seem to me to have immense significance. By no pro¬ 
cedure has it been found possible to freeze and thaw living muscle without causing instant 
death. Whatever the key structure may be, the presence of what means life, there is no 
evidence of a time lag in its destruction. 

“The second fact is that it is not cold which destroys, but dehydration. The freezing 
point of frog's muscle is —0.42°, and muscle can be frozen and thawed without causing 
death unless a critical temperature is over-passed, namely —2.0°. The quantity of water 
withdrawn in the form of ice at —2° can be calculated. It is 77.5 per cent of the total water 
and Moran, to whom these facts are due, finds that 77.5 per cent of the water can be re¬ 
moved from living frog's muscle by simply drying over calcium chloride without killing it. 
The muscle when the water is restored is again irritable and has the alkaline reaction and 
other qualities of living muscle. Muscle is not killed by cold. It can be over-cooled to 
—4® for days without impairment of its properties," p. 12. 
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''Hardy states that benzene spreads on the surface of water, while Langmuir considers 
that it does not spread. The phenomena involved have been investigated by Harkins and 
Jordan* They find that if enough pure benzene is dropped on the surface of pure water to 
give a layer about i mm. thick it spreads over the whole surface to give an apparently 
uniform layer. This behavior agrees with the fact that the initial spreading coefficient has 
a value of 8.9. As the benzene evaporates, holes appear in the layer, and the optical effects 
indicate that the angle of contact is not zero. If the surface tension of the water in one of 
these "holes'" is determined, it is found that here, where the film of benzene appears to be 
absent, it is actually present. That is, the water is covered with a monomolecular, or 
thicker, invisible film of benzene. The layer of benzene around the holes is sufficiently 
thick to be easily visible. The fact that this layer does not spread over the contaminated 
surface of the water in the hole is in accord with the value of the final spreading coefficient, 
which is found to be —1.49 ergs per sq. cm. and indicates the existence of a considerable 
angle of contact," p. 23. 

"In aqueous solutions of low specific conductivity present in the interstices of a dia¬ 
phragm material, a pad of pure paper pulp, the electrical conductance through the 
interface phase is much greater than that through an equal volume of the liquid in bulk. 
This fact has been largely neglected in calculations of the {^-potential at interfaces when 
electrokinetic technic was used," p. 51. 

"It was found that some powders, glass for example, conducted with even small con¬ 
centrations of water vapor and that the conductivity increased as the partial pressure of 
the water vapor approached the saturation value, while others, such as salicylic acid, re¬ 
mained practically non-conducting until the saturation point was nearly reached, when, as 
might be expected, all powders conducted well," p. 54. Apparently the powders which 
conduct with even small concentrations of water vapor do not produce bubbles when in¬ 
troduced into solutions supersaturated with oxygen, while the others do. 

"Since it is now found that the partial pressure and activity of aqueous ;;-toluidine are 
proportional to the concentration, the two-fold conclusion of McBain and Davies is strength¬ 
ened:—firstly, that the direct experimental observations show that in all these solutions 
of soluble substances, even when far from saturation, not only is the surface covered with a 
monomolecular film of the solute but that there is also a large excess in the neighborhood 
of the surface probably extending in the torm of oriented molecules well into the solution. 
Secondly, that the thermodynamic treatment of Willard Gibbs which has been follow^ed 
by all subsequent writers is insufficient, because it omits consideration of adsorption re¬ 
sulting from the admitted electrification of all such surfaces, as exhibited for instance in 
experiments on electrokinetics," p. 62. 

"On the surface of an N/20 solution of sodium oleate there is adsorbed one oleate 
radicle for each 11 sq. A. The cross-section of a hydrocarbon chain is known to be 20 sq. 
A, hence the soap adsorbed in the surface of this dilute solution is more than can possibly 
be close-packed into a single monomolecular layer. The only other available quantitative 
data for soluble substances are those of McBain and Davies who obtained exactly the same 
result with, for example, aqueous solutions of amyl alcohol. It therefore appears probable 
that all these solutions even when removed from saturation are covered by a complete 
monomolecular film of solute, and that there is an additional adsorption comparable in 
amount in the solution underneath the monomolecular film. The most plausible picture 
is that of chains of oriented molecules of solute, extending from numerous points on the 
monomolecular film deep into the surface layers of solution, as pictured for example in the 
diagrams of McBain and Davies. Such chains would be regarded as evanescent but ex¬ 
tremely numerous continually growing out from the oriented molecules of the monomole¬ 
cular film until broken up through thermal vibration in the liquid," p, 70. 

"Contrary to the predictions of the Gibbs theorem, both in its popular and in its exact 
form, sodium oleate is positively adsorbed in the air-water interface. The amount ad¬ 
sorbed is nearly twice as great as can be packed into a monomolecular film. This parallels 
the findings of McBain and Davies wdth aqueous solutions of such substances as para-to- 
luidine, camphor, and amyl alcohol and supports their suggestion that the surface of a 
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solution may be covered with a monomolecular film of adsorbed solute but may also exhibit 
a high concentration of solute in the neighborhood of the surface, probably in the form of 
chains of oriented molecules of solute extending from the monomolecular film deep into the 
surface. The adsorbed soap is in hydrolytic equilibrium with the solution but its hydrolysis 
is completely suppressed by a small excess of alkali,’’ p. 72. 

“For every concentration of dye the amount of adsorption by a powdered solid is a 
function of the apparent pH of the solution. It is not possible at present to use the maxi¬ 
mum adsorption of a dye by crystals as a measure of the total surface. Paneth’s method 
is therefore not reliable in it/S present form,” p. 76. 

The copper sol prepared by Burton coagulated after half an hour’s heating at 187°, while 
it is necessary to heat for ninety minutes at 107®. At 80® the sol remained uncoagulated 
after four hours' heating at 81.® It consequently seems probable that “at room tempera¬ 
ture such a colloidal solution might be expected to remain stable for an infinite time,” p. 82. 

“Though the wood sections studied are somewhat permeable to colloidal mercury and 
to India ink sols, they also act as partial ultrafilters. This fact should be expected, since the 
mercury particles, although about a tenth as large as the largest pit-membrane pores, are 
of the same order of size as the average pit-membrane pore diameters,” p. 108. 

“Three individuals who gave marked reactions to an intradermal injection of diluted 
commercial antitoxin—purified by the ammonium sulfate method—were tested intrader- 
inally with dilutions of the solutions used for the experiments on minimum solubility in 
alcoholic solution. All the solutions used including the commercial antitoxin were diluted 
to contain 0.15 per cent protein. With two of these individuals there was markedly less 
reaction to the four solutions of antitoxin which had been purified by the alcohol method 
than to the dilution of the commercial antitoxin. Of the four antitoxins purified by the 
u.se of alcohol, the one which had not been treated with acid or alkali gave as little re¬ 
action as the antitoxins which had been so treatod. With the third individual the reac¬ 
tions to all five intradermal injections were the same,” p. 114. 

“Quartz particles of the most different forms suspended in water and in sugar solutions 
(whose higher density permitted larger particles to be definitely outlined) migrated with 
pra(;tically identical velocities. As the speed of the fluid within the cataphoresis cell varie.s 
appreciably at different levels, it is important that particles observed be studied at the same 
level, preferably in the center where the change is least. The migration of all the types 
of particles takes place under normal conditions without orientation. If, however, the drop 
in potential i)er cm. in the cataphoresis cell is increased, with increased water-flow, as well 
as increased velocity, orientation does take place. This absence of orientation is par¬ 
ticularly strikingly observed in soft gelatin gels (to be described later) w'here large elongated 
particles maintain the same direction during hours of study. The particles of the sizes 
studied (iju ■“ 30 m) are not oriented by the electrical field. Any orientation occurring can 
be ascribed to secondary causes,” p. 119. 

“The leucocytes have been shown to migrate with the same 8]:)eed as quartz with an 
adsorbed protein film. Hhibley had shown the same phenomenon for sentitized bacteria 
and denatured globulin,” p. 130. 

“Sera which in these experiments have increased the phagocytosis of bacteria have 
concomitantly increased the cohesion, decreased the surface potential difference and altered 
the wetting properties of the bacteria. Conversely, but with certain exceptions, when sera 
have altered the surface properties of bacteria as indicated, they have caused the bacteria 
to be spread upon and engulfed by leucoc>d,e8. The exceptions have been writh aged or 
heated sera or sera of another species than the leucocytes. These exceptions show the re¬ 
quirements for spreading of the leucocytes to be more delicate than the physical-chemical 
reactions we have been able to apply. These results are consistent with the conclusion 
that the various surface reactions including phagcocytosis are all dependent upon the 
deposition on the bacterial surface of serum components,” p. 138. 

“Emulsions formed with benzaldehyde, benzoic acid, benzene, toluene, and chloroform 
have a definite accelerating effect on the peptic synthesis of proteins. Emulsions formed 
with oleic acid or olive oil show no accelerating effect on synthesis. The presence of talc 
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powder, kieselguhr, and barium sulphate accelerates peptic synthesis slightly. Under 
certain conditions, the presence of effective emulsions causes an augmentation of the 
equilibriun amount of protein synthesised; but under optimiun conditions for S3mthesi8 no 
such augmentation of the amount synthesized is affected, although such an acceleration of 
the rate of synthesis always occurs. The effective emulsions are found to induce some 
synthesis even in the absence of enzyme. It is found that the proteins synthesized vary in 
their physical and chemical properties according to the means which have been employed 
to effect synthesis,'! p. 172. 

^^With mineral oil as with Harkins’ observation with benzene magnesium, calcium, co- 
baltous, nickelous, manganous and aluminum oleates produce emulsions of the water-in-oil 
type. With valeric acid, as with Harkins* and Newman’s observations with oleic acid, the 
univalent salts produce oil-in-water emulsions, whereas the salts of divalent metals produce 
water-in-oil emulsions. The salts of arabic acid produce oil-in-water emulsions irrespective 
of the valence of the metallic atom in combination. It is entirely possible that acacia always 
tends to produce an oil-in-water emulsion because of the buffered emulsion characteristic 
which has been demonstrated, or that it is the divalent salt of an acid in which there are 
several hydroxyl groups. According to the observations made with the divalent salts of 
t-galactonic and gluconic acids it is possible that the presence of hydroxyl groups in the 
molecule of arabic acid in addition to the fact that acacia contains some univalent salts of 
arabic acid, is partly responsible for its invariably producing emulsions of the oil-in-water 
type. As the gum tragacanth is essentially the calcium salt of bassoric acid and produces 
emulsions of the oil-in-water type, it is probable that this condition exists for reasons similar 
to those proposed for the salts of arabic acid,” p. 203. 

Microscopical methods have been developed whereby it is possible to show that the 
form in which sulphur reappears in vulcanized rubbers varies when one has rubber and 
sulphur, rubber, sulphur and zinc oxide or rubber, sulphur, zinc oxide, and an accelerator, 
p. 211. 

**The problem of producing a rubber latex from crude rubber was assigned by Dr. W. C. 
Geer of the Goodrich Laboratories first to Dr. John B. Dickson and sul)sequently to the 
writer. Both men first approached the problem from the classical point of view, which is 
to disperse a rubber cement in an aqueous medium containing protective colloids. Although 
dispersions were obtained such as those which had been previously prepared by the workers 
in this field, it was obvious that these dispersions did not resemble latex for at least three 
reasons, firstly, the concentration of rubber was low, not over 5 to 10 per cent; secondly, 
solvent invariably remained in the rubber particles, hence the dispersed phase was a rubber 
cement rather than rubber; thirdly, the particles formed under any set of circumstances were 
larger and creamed much more rapidly than latex particles. 

”It occurred to the author that if rubber could be frozen in order to embrittle it, the 
action of a high-speed abrasive wheel on its surface might be effective in producing a dis¬ 
persion. A block of masticated rubber was first allowed to absorb about an equal volume 
of benzene and then frozen for several days at — Immediately upon removal from the 
refrigerator the solid block was held closely against a high-speed aloxite wheel which was 
porous enough to permit a lubricant of five per cent glue in water at o®C. to flow through it 
from the axis to the periphery. This lubricant served as a protective colloid for the dis¬ 
persion. Under the vigorous abrasive action rubber particles were sheared off from the 
face of the block, and some of them were small enough to remain suspended in water over 
night (less than 1% concentration). 

”The bulk of the rubber was either not removed from the block or was rolled off to 
form pea-sized pellets. Heat, developed by friction, apparently softened the rubber at the 
contact point so that it could not be abraded as could a brittle solid. Nevertheless the fact 
remained that some rubber had been dispersed, and that by a mechanical method. 

^'An operable method of effecting rubber dispersion was arrived at as a result of the 
joint invention of Dr. J. B. Dickson and the author. This method required two smooth- 
roll rubber mills, one to masticate rubber and the other to’servejas the dispersing machine. 
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In order to operate the latter a thick paste of equal parts of glue and water was placed upon 
the rolls of one mill, and rubber from the other mill was cut in thin strips and gradually 
worked into the glue paste preferably at a temperature of about 7o'’C,'^ p. 214. 

“In experiments on precipitation of benzene sols of meta-styrene by ethyl alcohol and in 
experiments on the precipitation of benzyl alcohol sols of cellulose acetate by tertiary butyl 
alcohol, it was found that, for sols of any given specimen, the higher the concentration of the 
sol, the smaller was the proportion of precipitant required. Mardles found similarly that 
the volume of light petroleum required to precipitate sols of cellulose nitrate and of cellu¬ 
lose nitracetate in acetone was smaller, the greater the concentration of the sol. P'urther, 
the authors found on comparing samples of meta-styrene representing different degrees 
of polymerization, that samples yielding more viscous sols at a given concentration recjuired 
less precipitant than samples yielding less viscous sols. Hence it seems reasonable to con¬ 
clude that, the smaller the proportion of bound solvent in a sol of a given organophilic col¬ 
loid, the smaller is the proportion of the given precipitant required to produce separation,” 
p. 226. 

“In no case does the amount of a liquid which it is possible to determine by direct meas¬ 
urement as being imbibed by massive pieces of colloids such as rubber and meta-styrene ap¬ 
proach the amount which Hatschek’s equation for the viscosity of emulsoids, rj = tjo /(i — ) 

would indicate as being bound in the di8i3erse phase. Thus, for example, over the range of 
concentrations where, using Hatschek’s equation, the volume of solvent bound by 1 gram 
of the solute is constant, this volume is in the case of benzene sols of rubber and of meta- 
styrene about 160 and 135 respectively. Yet the volume found to be imbibed by these col¬ 
loids by immersing pieces of them in benzene and noting the increase in weight is of the 
order of 30 and 6 volumes only, respectively. It is, however, doubtful whether direct 
measurements of swelling afford any reliable information as to the volume of solvent which 
a colloid is capable of binding when dispersed in a sol. When a piece of raw, unmilled 
rubber is placed in benzene or other solvent and left undisturbed, it imbibes the liquid and 
swells, in most cases quickly at first and then more gradually; but before imbibition has 
ceased and equilibrium has been attained, diffusion of the hydrocarbon from the swollen 
mass begins and the weight begins to fall. In the case of meta-styrene dispersion of the 
colloid from the surface of the swollen mass begins alter swelling has proceeded to a much 
smaller extent than is necessary for the dis{)ersion of rubl>er to begin. Probably, in the 
case of rubber, dispersion would similarly begin after a relatively small amount of swelling 
were it not for the protein network in which the hydrocarbon particles are enmeshed. It 
seems, then that the amount of solvent boimd by such colloids when dispersed in a swelling 
agent may be much greater than the maximum amount which it is possible to determine 
as being imbibed by a massive piece, and may conceivably he of the order which Hatschek^s 
equation would indicate,” p. 231. 

“The artificial elastic colloids, polyvinyl acetate and meta-styrene, are highly hetero¬ 
geneous, being composed of mixtures of an unbroken series of polymers of different mole¬ 
cular magnitudes. Thus, a sample of polyvinjd acetate was separated into four fractions 
ranging in molecular weight from 566 to 6192. Now it has been supposed recently by several 
writers that the hydrocarbons of rubber consists of two sharply distinct phases, which have 
been designated “sol” and “gel” rubber, and correspond to the “soluble” and “pectous” 
forms of rubber of which Caspari wrote a considerable time ago. The present authors, 
however, believe that natural caoutchouc is heterogeneous in a way similar to that in which 
polyvinyl acetate and meta-styrene are heterogeneous, and in which synthetic rubber 
has been found to be. The so-called “sol” phase of rubber has been looked upon as that 
portion of th^ rubber which will diffuse out of the swollen mass when rubber is allowed to 
stand in ether, the “gel” phase being that portion which is left behind. Experiments by the 
authors show, however, that there are not two sharply distinct phases in rubl>er, since the 
proportion of “gel” rubber determined in a given sample of raw rubber depends on the swell¬ 
ing agent used, and, further, since the “gel” phase is itself heterogeneous. If benzene is 
used, a higher proportion of “gel” rubber is obtained than if ether is used; if petrolic ether 
is used, a lower proportion is usually obtained, while if a little piperidine, diethylamine or 
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other strong organic base (which has the effect of increasing the swelling) is added to petrolic 
ether an increased proportion is secured. As showing the heterogeneous character of the 
*^gel phase/’ it was found that as diffusion proceeds successive fractions yield sols which 
at the same concentration possess different viscosities/’ p. 234. 

*ln summary it may be stated that the variation in properties of gelatin systems at low 
temperatures as descried in this and other similar studies has not been accounted for by 
the view that the gelatin combines stoichiometrically with electrolytes. Experimental 
evidence seems to the author to indicate that the influence of electrolytes upon the optical 
activity and relative resistance to shear of gelatin systems is the same as the influence of 
these substances upon the properties of lyophobic systems, but th^t the evidence of the in¬ 
fluence is complicated somewhat by the amino acid nature of the micellae surfaces and is 
masked to a certain extent by the increased stability of these systems caused by the high 
affinity of the gelatin phase for the dispersion medium. However, these complications 
do not alter the view that the behavior of gelatin systems can better be explained by the 
laws obtained from the behavior of highly dispersed heterogeneous systems than by the 
classical laws of stoichiometry,” p. 251. 

“Since powder has been found to bum in layers parallel to the surface, it will be seen 
that the web is the critical dimension of the grain. Powder which is used in the famous 
war-time weapon, the French 75-mm. gun, is required to have a web of about 0.020 inch. 
Careful ballistic tests have indicated that a variation in web thickness of one-one-thousandth 
of an inch will cause the projectile to miss the target at maximum range by 75 yards. 
Numerous examinations of accepted lots of powder have shown that the normal maximum 
variation in the web dimension of individual grains from a given lot of powder is ten one- 
thousandths of an inch, so that if charges were made for the gun in which these maximum 
differences prevailed in each of the charges, a variation in range of 750 yards would result. 
The remedy which is generally applied consists in blending the grains of powder, and the 
known accuracy of the weapons is undoubtedly in part attributable to this practice of 
mixing heavy- and light-web grains. However, this remedy is only partially satisfactory 
to powder technologists, who are now spending much effort in eliminating, ^f possible, those 
factors which cause variations in the shrinkage of the gel,” p. 254. 

“In the first stage of digestion [of photographic emulsions] the process of Ostwald ripen¬ 
ing is occurring, grains below a certain size are dissolving, and grains above a certain size 
growing by accretion from solution. This process proceeds to exhaustion of the grains 
whose solubility is appreciably different from that of the largest. . . . This would lead to 
practical cessation of grain growth. . . . We find, however, that actually the grain growth 
goes on but at a new and decreased rate. This we assume to be due to recrystallization 
within the aggregates produced by collisions and coalescence,” p. 273. 

“We decided to secure uniformity of solid deposit in a porous support by first im¬ 
mersing the porous solid in a solution of the salt desired, drying, admitting a suitable water- 
soluble gas and finally immersing the porous solid containing the dry salt in water,” p. 283. 

“The development of the ultra centifuge has been traced from its inception to its present 
form capable of exerting an effect 100000 times that of gravity on a solution,” p. 308. “If 
the swelling of gelatin in pure water may be assumed to ^ a strictly colloidal process 
consisting in the adsorption of water to form a hydrated material of gel structure but no 
definite hydrates, the setting of plaster of Paris and the setting of Portland cement may be 
considered as quite analogous phenomena,” p. 316. 

“It appears that the physical character of precipitated sulfur thrown down in the pres¬ 
ence of alkali cations varies from gelatinous to plastic as we go down in the series from 
lithium to caesium. Likewise, the precipitate thrown down by idkaline earth cations 
changes in the same way as we go down in the series from magnesium to barium. In other 
words; precipitates formed in the presence of those ions which are generally recognized as 
the most highly hydrated, are the most gelatinous, and the precipitation is reversed by 
washing; while the precipitates thrown down in the presence of the less hydrated ions are 
dense and plastic, and the precipitation is not reversed by washing. 
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**The order of hydration of the alkali cations is believed to be: Li ) Na ) K ) Rb ) Cs; 
and of the alkaline earth cations: Mg ) Ca ) Sr ) Ba. Unfortunately, no one has yet suc¬ 
ceeded in measuring quantitatively the ion hydration, much less its dependence on concen¬ 
tration, temperature, and the presence of foreign substances in the solution. Nevertheless 
ion hydration numbers are frequently given,” p. 336. 

“Ultramicroscopic observation of the change taking place when a highly hydrated cation 
is removed from a gelatinous sulfur clump, by displacing with a less hydrated, more strongly 
adsorbed cation, shows a very marked shrinkage as the result of the loss of adsorbed water 
and the coalescence of the particles. Ultramicroscopic convection currents in the surround¬ 
ing liquid, due to the outflow of the adsorbed water, are visible during the change. Motion 
pictures have been made of this change in the physical character of the clumps under the 
influence of various ions, and selected views from the motion pictures are included in this 
paper,” p. 341. 

The paper by Weiser and Cunningham on the change in the properties of sulphur with 
the precipitating agent is a brilliant piece of work. This and the paper by Wasteneys and 
Borsook on the peptic synthesis of protein are the high spots in what is a good volume. 

Wilder D. Bancroft 


Lehrbuch der physikalischen Chemie. VoL //, Parta II and III, By Karl JeUinek, 
pp. 273 -^ 60 ; 561^923 Stuttgart: Ferdinand Enke^ 1928 , These two numbers complete the 
second volume. Up to p. 606 deals with crystalline solids: specific heat; entropy; heat 
conduction; vaporization; melting and freezing; surface energy of crystals; formation and 
growth of crystals; the relation of the crystalline state to the liquid and gaseous ones. 
The rest of the volume is devoted to dilute solutions. Forty pages are given up to mixtures 
of gases, one hundred and thirty-five pages to liquid solutions, and about twenty pages 
to solid solutions. 

The theory of Debye for specific heats is given in considerable detail, p. 277, though one 
is rather left to struggle over the significance of 0 . There is a very interesting cut, p. 281, 
showing the applicability of the formula. Simon and Lange are said, p. 311, to have found 
the molecular heat of amorphous glycerol to be eighty percent higher than that of the 
crystals at 9® abs. It is not clear whose data are given in Fig. 249. Five pages, p. 478, are 
devoted to the equation of state for solids put forward by Richards and by van Laar. 

l^'here is a good agreement between the observed and calculated heats of sublimation 
of the metals, p. 486. The author does not seem especially enthusiastic, p. 499, over Nernst’s 
heat theorem. There is a good presentation, p. 565, of the work of Volmer and Estermann 
on the precipitation of crystals from vapors. The pages on adsorption by growing crystals, 
P* 567? were written before Saylor’s work appeared and are therefore inadequate. The 
author considers that superheated crystals have only been obtained with some of the sili¬ 
cates, p. 589. That is to some extent a matter of definition; but the reviewer would have 
included under this head all cases of crystals with variable melting-points, such as acetald- 
oxime, for instance. It is rather satisfactory to have tabulated data, p. 600, on the change 
of the melting-point with the pressure. 

The author has a bad time, p. 606, differentiating solutions from mixtures because he 
does not make use of the phase rule. He has to accept the definition that a solution is 
optically homogeneous. Owing to the fact that the author is really interested only in the 
kinetic presentation of a subject his treatment of osmotic pressure, pp. 651-736, is hope¬ 
lessly confused. After he has deduced in several ways that the volume term refers to the 
solution, the author mentions casually, p. 730, the possibility of the volume of the solvent 
being the important thing. One must admit, however, that the author does not make the 
mistake, so common in America, of identifying Henry’s law with the so-called Raoult 
equation, p. 781. He gives some good tables for Henry’s law, pp. 772-774, for the distri¬ 
bution law, p. 777, and for the molecular lowering of the freezing-point, pp. 828-835. 

Wilder D, Bancroft, 
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The Viscosity of Liquids. By Emil Hatachek, pp, vii -f ^39. London: G, BeU and 
SonSf Lid,j 1928. Price: IS shiUinga. In the investigation of colloids^ especially of emul- 
soids, the measurement of viscosity seems to have become a standard practice, and many 
and varied are the conclusions drawn from the results in spite of the fact that the subject 
of viscosity ^s full of difficulties from the theoretical standpoint, even when pure liquids are 
concerned. From his own experience as a teacher the author has found it difficult to rec¬ 
ommend a book on the subject to his students, and he has found, as is so often the case, 
that the only way out of the difficulty was to write a book himself. Since, by his own 
theoretical and experimental investigations he has contributed largely to our knowledge of 
viscosity questions, it is fortunate that the author has not hesitated to help not only his 
own, but other students, and the result is a volume of moderate size which gives a reason¬ 
ably complete account of the subject. The mass of data available is enormous, and the 
selection from it must have been a task of great difficulty, but the a\ithor has been suc¬ 
cessful in his choice of material and has been able to include some investigations of im¬ 
portance, such as those of Bridgman on the influence of pressure on viscosity, which have 
not so far found their way into any other text books. The treatment given is such that the 
reader should be able to get a grasp if the fundamental principles and acquire a general view 
of the subject; an excessive knowledge of mathematics is not assumed. 

After an historical introduction, the theory of the principal methods of determining 
the co-efficient of viscosity is given, followed by a description of the design and use of 
various types of viscometers. The variation of viscosity vith temperature and pressure, 
its relation to constitution and connection with conductivity, the viscosities of solutions, 
liquid mixtures and pitch-like substances are all dealt with in a critical manner. Finally 
the viscosity of colloidal solutions is discussed in some 40 pages. 

The value of the book lies not simply in the account of the subject given by Mr. Hat- 
schek, but also in the criticisms he makes of the various methods and theories. It may be 
recommended to all who are interested in the subject. 

T. Slater Price. 

Atomstniktur und Atombindung. By J. Stark. 22 X 15 cm. Berlin: A. Seydely 1928. 
9 marks. The author, well known for his experimental researches in molecular physics, 
develops in this book his own views on the atomic theory and its application to the chemical 
behavioiu* of the elements. His attitude towards the Bohr theory is a critical one. He 
regards it as ^dogmatic,’ while his own theories are claimed to be based solely upon experi¬ 
ment. In spite of this, his conclusions do not differ so much as might appear at flrst sight 
from the results of the new quantum mechanics. Many of Stark's views are involved in the 
quantum theory; for instance his idea of the ‘Axialitat" of the electron and its importance 
for the theory of valency. In place of the “stationary states" and the “Eigenfunktionen" 
Stark uses the conception of the existence of equilibrium positions of the electrons in the 
atoms, with certain S3rmmetry properties. 

The book is divided into three sections. In the first the author develops his own views 
on the atomic theory, often referring to his earlier book entitled “Die Axialit&t der Licht- 
emission und Atomstniktur." The second deals with the arrangement of the electrons and 
the magnetic axes in the atom, derived from optical and chemical facts. A shorter part 
of this section deals with the structure of the nucleus and the space which Stark calls 
“Atomzwischenraum." This section seems in great measure obscure and hypothetical. 
There is no mention of Pauli's principle as a key to the Periodic Table. The last section 
deals with chemical compounds and forces between atoms and molecules, on the basis of 
the previous sections. The same problems have, of course, been previously explored by the 
quantum theory. 


E. Hiickel. 



A STUDY OF THE EFFECT OF CERTAIN CATIONS ON THE 
FLOTATION OF GALENA* 


BY NELSON W. TAYLOR AND HENRY B. BULL** 

Introduction 

Our purpose in this research has been to determine the effect of certain 
cations on the flotation of galena (PbS), and if possible to determine the 
reasons for the quite characteristic effects of these cations. 

We have endeavored in our work to reduce the number of variables to a 
minimum. Even with the simplest system that we could devise, there still 
remained a relatively large number of factors which had to be controlled in 
order to obtain reproducible results. Much time was spent in the study of 
these factors before we obtained satisfactory results. 

Historical 

Much empirical knowledge concerning flotation of minerals is available 
but only within the last few years have there been serious attempts at a 
theoretical treatment. 

A study of the theories of flotation is disappointing. There has been 
much time spent in discussion where more should have been spent in ex¬ 
perimenting with simple systems involving only one variable factor at a time. 

Most of the theories of flotation center around two fundamental con¬ 
cepts. One involves the free surface energy changes at the various interfaces, 
and the other primarily involves electrostatic changes on the ore particle 
and the bubble surface. 

The method of attack on the theory involving the free surface energy 
changes at the various interfaces has been principally a study of the contact 
angle.^ By contact angle we mean that angle which the surface of a drop 
of a liquid makes with the mineral surface. 

Briefly we have the following 

liet 

be the surface tension of the gas-solid interface. 

(Tbi be the surface tension of the solid-liquid interface. 

(Tig be the surface tension of the liquid-gas interface. 

For a drop of liquid to remain at equilibrium on a solid surface we have 
the following: 

(Tig cos a + CTbI = (Tag 

• From the School of Chemistry, University of Minnesota, Minneapolis. 

** Submitted in partial fulfillment of the requirements for the degree of Master of 
Science. University of Minnesota, June 1928. 

^ Sulman: Trans. Inst. Min. Met., 29 , 159; ‘The Concentration of Minerals by Flota¬ 
tion,” by Edwin Edser: Fourth Report on Colloid Chemistry, Brit. Ass. Adv. Sci. 

* Rideal; “Surface Chemistry, 63 (1926). 
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where a is the contact angle. Of course, if <r,i or ci, is increased a would 
tend to decrease, and if <r,g is increased <r would tend to increase. The ten¬ 
dency for a liquid to wet a solid would depend on the values of these 
factors. Sulman states that the angle of contact between water and the 
mineral must approach, and preferably exceed, 90° in order to get pronounced 
flotation of the mineral. Sulman^ and Langmuir^ have attempted to measure 
the contact angles between various minerals and water but the measurement 
of the contact angle is rather unsatisfactory. To quote directly from Adams* 
concerning contact angles: 

“Even with the utmost precautions against contamination physicists are 
unable to arrive at close agreement, and it is evident that the most minute 
alterations in the conditions obtaining at the surfaces of the three phases may 
affect the angle considerably.” 

. Freundlich* expresses considerable doubt as to the reliability of contact 
angle measurements and states that minute traces of foreign substances 
change the contact angle materially. So it seems from these considerations 
that the value of contact angle measurements in the interpretation of flotation 
is questionable, although the theory of the hysteresis of contact angles has 
been investigated by Edser® and Sulman.® 

The development of the electrostatics of flotation has been meager and 
unsatisfactory. Bains* in two papers proposes a theory based on electrostatic 
changes, but his treatment is inadequate and unconvincing. 

Fahrenwald* points out the possibility of such an explanation. Ealston* 
suggested an electrical theory based on the electrostatic attraction between 
the air bubble and the ore particle. Many have condemned the electrostatic 
explanation and maintain that it is altogether inadequate to explain the ob¬ 
served facts. 

In order to get a picture of flotation we present the following discussion. 
We have made it as general as possible in order to reduce the number of as¬ 
sumptions to a minimum. 

In actual practice there are two reagents added to the flotation circuit: a 
frother, usually an oil, which will lower the surface tension of water and so 
permit the formation of bubbles upon agitation; and a collector, the purpose 
of which is to coat the mineral particles with a surface which is not wetted 
by water. When the circuit is agitated a froth is produced consisting of many 
small bubbles. Particles coated with the collecting agent are thrown into 
contact with the air bubble. If the decrease in free surface energy resulting 

‘ Trans. Inst. Min; Met., 29 , 159. 

* Trans. Faraday Soc., 15 , 71.. 

> J. Chem. Met. Min. Soc. of S. Africa, Oct. 1930. 

< “Colloid and Capdlary Chemistry.” 

* Trans. Inst. Min. Met. 29 , 159. 

* Fouitb Report on Colloid Chemistry, Brit. Ass. Adv. Sci. 

^ Min. Sci. Press, 111, 824, 863. 

' “Surface Reactions, in Flotation,” Trans. Am. Inst. Min. Met. Eng. Jan. 1934. 

* “Why d > Minerals float?” Min. and Sci. Press, 111, 633. 
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from the coalescence of the filmed ore particle and air bubble exceeds the 
potential energy increase due to movement against the gravitational field 
the particle will be floated. 

Some excellent work has been done by Gaudin and his associates on the 
^‘toxic’^ or unfavorable effect of electrolytes on the flotation of minerals.^ 
Gaudin seems to feel that the major factor controlling cation toxicity in 
flotation is the formation of an insoluble soap between the oil and the cation, 
thus reducing the oil available for frothing. His experimental results on 
calcite flotation with various fatty acids seem to justify such conclusions. 
Other factors which he considers to be important in governing the toxicity 
of a cation are (i) the formation of an insoluble polar compound between the 
cation and one of the ions of the mineral to be floated, and (2) the elec¬ 
trostatic effect between the cation, air bubble, and ore particle. 



Fig. I 

‘‘Armor Plated’^ Bubble 


Experimental 

The experimental work can be conveniently divided into two sections. 
The first deals with the determination of the actual quantitative relationship 
between the concentration of the toxic salt added and the loss in galena pro¬ 
duced by the addition of the toxic agent. The second is the experimental 
work done to detennine the causes for the effects produced by the added 
cation on the flotation of galena. 

In order to determine the quantitative relationship between the concen¬ 
tration of the toxic salt added and the loss in galena produced by the addition 
of the toxic agent we constructed of thick plate glass a flotation cell as shown 
in Fig. 2. The reason for constructing it of glass was to eliminate any pos¬ 
sibility of a reaction between the walls of the cell and the toxic agent added, 
and also to allow us to observe the progress of the flotation experiments. The 
volume capacity of the cell was 396 cc. when the stirring device was in place. 
The sides of the cell were cemented together with a glass cement and all 
joints shellaced. The motor which supplied the power to the agitator was 

^A. M. Gaudin: “Flotation Fundamentals,” Am. Inst. Min. Met. Eng. Tech. Pub., 
No. 4 (1927). 
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A. C. i/6 H.P., with a speed of 1140 R. P. M. The strength of the motor 
was sufficient, we feel certain, to have maintained a constant speed of agita¬ 
tion. The agitating paddles were of steel and the shaft, which was also of 
steel, was firmly set in a brass bearing, which was rigidly maintained in exactly 
the same position at all times by means of a rather heavy clamp projecting 
from a ring stand which was in turn securely attached to the laboratory 
table. The source of water used to replenish that lost by frothing during a 
flotation experiment was obtained from an inverted flask and conveyed to 
the cell through a rubber tube, and finally through a glass tube to the Irattora 
of the cell. We found by experience that if the water is introduced at the 
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top of the cell it materially reduces the flotation for a short time. The amount 
of water added was accurately controlled by means of a pinch clamp on the 
rubber tube. A constant water level was at all times mnintninAH in the cell. 
Distilled water was used in all experiments. 

In keeping with our intention to use as simple a system as possible and 
reduce the number of possible variables to a minimiiTn, eucalyptus oil was 
used as both a frother and as a collector. No xanthate or other collector was 
used. The oil was added to the flotation cell by means of a capillary tube and 
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a definite number of drops used. The constancy of the amount of oil used was 
checked at various times and this method was found to give accurately re¬ 
producible results. 

The galena used was of the purest variety of crystallized material thafc 
could be obtained and after having been ground to the desired degree of fine¬ 
ness by means of a Braun pulverizer, was stored under carbon dioxide in a 
flask to prevent oxidation. Two lots of galena were used. One approximately 
3000 grams and the other 5000 grams. After grinding each lot was thor¬ 
oughly mixed so as to be uniform throughout. 

Tenth molal solutions of Th(N03)4, Cu(N03)2, A1(N03)3, Cd(N03)2, 
Pb(N08)2, Ni(N03)2, Co(N 03)2, Ba(N03)2, Mg(N03)2, and AgNOa were 
made up as accurately as possible using only pure chemicals. These solutions 
were measured and added to the flotation circuit by means of pipettes. 

The time of pre-agitation and length of the flotation experiment was 
controlled by a stop watch. The froth bearing the galena was skimmed from 
the surface of the cell in a uniform manner every 20 seconds. 

The froth bearing the galena was collected in a weighed beaker and evap¬ 
orated to dryness over a small flame. The yield was determined by simply 
weighing the beaker and the dried galena. In all the experiments exactly 
fifty grams of galena was used in the original charge. 

The procedure followed in all the experimental work was as follows: 

1. 50 grams of galena were put into the cell. 

2. 100 c.c. distilled water were added. 

3. The mixture was agitated for 30 seconds. 

4. The solution of the ‘‘toxic ion^^ was added. 

5. The mixture was agitated for 30 seconds. 

6. Six drops of eucalyptus oil (wt. 0.0451 gr.) were added. 

7. The mixture was agitated for 30 seconds. 

8. The cell was filled with distilled water. 

9. The mixture agitated for 7 min., skimming every 20 seconds. 

10. The froth bearing the galena was evaporated. 

11. The dried galena was weighed and the yield determined. 

Data 

We have two sets of data dealing with the efifects of varying concentrations 
of the toxic agent on the recovery of the galena. One set was obtained on 
galena which had been ground to pass a 300 mesh sieve and the other set on 
galena which had been ground to pass a 200 mesh sieve. With the exception 
of a few determinations which were obviously incorrect we have included 
the data on all the flotation experiments. The results have been plotted in 2 
ways: i, with concentration in cc. of the toxic agent added as abscissa and 
the loss in grams of the galena as ordinate, and 2, the logarithm of the con¬ 
centration as the abscissa plotted against the logarithm of the loss as the 
ordinate. 




646 


NELSON W. TAYLOH AND HENBY B. BTOL 


The data will now be presented. 

Table I 


Toxic Action of Cations 
(300 Mesh Galena) 


NO, 

Amt. salt 

Cone, of 

Total loss 

Loss of galena 
(grams) due to 
Sait 

Log of loss 

added 

added (cc.) 

salt in 

ceU 

(cc.) 

of galena 
(grams) 

due to salt 

Co 

S-o 

1.26X10"* 

19.01 

7.91 

.8982 

Co 

10. 

2.52 

21.71 

10.61 

1.057 

Co 

IS- 

3-78 

20.75 

9-65 

-984 

Pb 

•5 

. 126 

13 02 

1.92 

.283 

Pb 

I . 

.232 

14.IS 

3 -os 

.484 

Pb 

3 - 

- 7 S 6 

16.87 

S -77 

. 7612 

Pb 

5 - 

1.26 

24.06 

12.96 

1.1126 

Pb 

5 - 

1.26 

24.92 

13-82 

I.1405 

Pb 

5 - 

1.26 

25‘95 

14-83 

1.1717 

Pb 

10. 

2.52 

26.29 

1S-19 

1.1816 

Pb 

10. 

2.52 

28.19 

17.09 

1.2327 

Pb 

10. 

2.52 

28.86 

17.76 

1.2497 

Pb 

IS¬ 

3-78 

23.81 

12.71 

1.104 

Pb 

IS- 

3-78 

24.03 

12.93 

1.1116 

Ba 

S- 

1.26 

16.64 

5-54 

•7435 

Ba 

10. 

2.52 

18.58 

7-48 

.874 

Ba 

IS- 

3-78 

20.03 

8-93 

- 9 SO 

Mg 

s- 

I .26 

II .54 

-44 

- -356 

Mg 

s- 

1.26 

11.40 

-30 

- -523 

Mg 

10. 

2.52 

15.68 

4-58 

.661 

Mg 

IS- 

3-78 

15.56 

4.26 

.629 

A 1 

-s 

. 126 

40.65 

29- 5 S 

1.4706 

A 1 

I . 

.252 

45.25 

34-11 

I-S 33 

A 1 

3 - 

- 7 S 6 

46.03 

34-93 

I-S 432 

A 1 

s- 

I .26 

42.6 

31-SO 

1.498 

A 1 

s- 

1.26 

00 

M 

36.08 

I- 5 S 73 

A 1 

10. 

2,52 

44.14 

33-04 

1-S19 

A 1 

IS- 

3-78 

41.21 

30.11 

1.4787 

Cr 

• 2 S 

.063 

48.21 

37-11 

1-569 

Cr 

I . 

.252 

48.33 

37-23 

I - 5709 

Cr 

s- 

1.26 

48.96 

37-86 

1-578 

Cr 

None 

IS- 

.0 

3.78 49.26 

Controls 
•0 10.33 

11.87 
10.91 

38.16 

1.3816 
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Table II 


Toxic Action of Cations 


NO, 

Amt. salt 

Cone, of 


Total loss 

Loss of galena 

Log of loss 

added 

added (cc.) 

salt in 

(cc.) 

of galena 
(grams) 

due to salt 
(grams) 

due to salt 

Ni 

S- 

1.26 X io“*3i.73 

29-87 

i* 47 S 

Ni 

10. 

2.52 

99 

39-93 

38.07 

1.580 

Ni 

IS- 

3-78 

99 

41-93 

39-17 

1-593 

Co 

5 - 

1.26 

99 

30-63 

28.77 

1-459 

Co 

10. 

2 .52 

99 

36.58 

34-72 

I • 5406 

Co 

IS¬ 

378 

99 

37.10 

3 S -24 

1-547 

Co 

IS- 

378 

99 

35-25 

33-39 

1-523 

Cd 

s- 

1.26 

99 

37.10 

35-24 

1-547 

Cd 

10. 

2.52 

99 

40.93 

39-07 

1.5918 

Cd 

IS- 

3-78 

99 

41.76 

39.90 

I.6009 

Cd 

20. 

5-04 

99 

41.75 

39-89 

I.6008 

Pb 

s- 

1.26 

99 

39-03 

37-17 

1.5702 

Pb 

10. 

2.52 

99 

42.66 

40.80 

I.6106 

Pb 

20 . 

S04 

99 

41.58 

39-72 

1-599 

Ag 

I. 

.252 

99 

42 .80 

40.94 

1.612 

Ag 

3 - 

•756 

99 

46.63 

44.17 

1.645 

Ag 

S- 

1.26 

99 

45-41 

43-55 

1.639 

Ag 

10. 

2.52 

99 

45-47 

43-61 

I.6396 

Ag 

IS- 

3.78 

99 

38-63 

36.77 

1-5655 

Ag 

IS- 

3-78 

99 

39-40 

37-54 

1-5745 

Ag 

20. 

S -04 

99 

33-70 

31.84 

1-503 

Th 

• 25 

.063 

99 

47-08 

45-22 

1-655 

Th 

I. 

.252 

99 

48.01 

46.15 

1.664 

Th 

S- 

1.26 

99 

48.90 

47-04 

I.6724 

Th 

10. 

2.52 

99 

47-55 

45-69 

I.6598 

Th 

IS- 

3 78 

99 

47-91 

46.05 

I.6632 

Th 

20. 

5-04 

99 

46.53 

44.67 

I.6500 

Ce 

-SO 

. 126 

99 

40.31 

38.45 

1-585 

Ce 

I. 

.232 

99 

43-19 

41-33 

I.6163 

Ce 

s- 

I .26 

99 

47-48 

45-62 

1.6592 

Ce 

10. 

2.52 

99 

48.50 

46.74 

I.6697 

Ce 

IS- 

378 

99 

48.76 

46.90 

I.6712 

Ce 

20. 

S04 

99 

48.18 

46.32 

1.666 

Cr 

.1 

.0252 

99 

47-09 

45-23 

1-6555 

Cr 

• 2 S 

• 063 

99 

48.93 

47-07 

I.6727 


Controls 

None o. 

None o. 


o. 

o. 


1-73 
2.00 
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Experimental (11) 

In an endeavor to determine the underlying cauae of these effects the fol¬ 
lowing series of experiments was carried out. 

(a) Surface Tension Measurements, 

In these experiments a DuNouy tensiometer was used. The instrument 
was standardized against pure benzene and checked against distilled water. 
We experienced considerable difficulty due to the evaporation of the eucalyp¬ 
tus oil during the measurement, but this disturbing factor was largely over¬ 
come by shaking the oil and water in a stoppered flask and making the 
measurements of surface tension as quickly as possible. In Fahrenwald’s^ 
work on the determination of surface tension of oil in water he has shown 
that the surface tension changes with time. In our case we were probably 
measuring an intermediate value between the static and the dynamic surface 
tension. But we feel that, inasmuch as in all our measurements we used 
exactly the same technique, we have results capable of comparison with 
one another. 

We determined the relation existing between the surface tension and the 
concentration of eucalyptus oil. Varying amounts of oil were added to 405 cc. 
of water and shaken, a small amount of the liquid poured out and its suiface 
tension determined. These results are as follows: 

No. of drops oj/^i 234 56 

7 in dynes/cm. 72 53.5 si -3 49-3 48 45-4 4 S-S 45-6 

Table III 

Surface Tension of Certain Solutions 


Salt added 

Cone, of salt 

No. drops oil 

Surface tension in 
d3rne8 per cm. 

Pb(N08)2 

3 cc. 

6 

47 

a 

5 " 

6 

4 S-S 

u 

10 " 

6 

47 -S 

a 

IS " 

6 

47 -S 

u 

20 

6 

49-2 

Co(NO,)2 

5 " 

6 

44-8 

u 

10 “ 

6 

46.2 

u 

IS " 

6 

4 S -3 

u 

20 " 

6 

46-5 

Pb(NO,), 

10 " 

2 

50.8 

u 

IS “ 

2 

SO-S 

Co(NO*)2 

10 « 

2 

48.6 

Cr(NO,), 

I “ 

2 

49-2 

None 

0.0 “ 

6 

45-6 

U 

^ 

0.0 

2 

49-9 

U 

0.0 “ 

I 

SI -3 

AgNO, 

I " 

I 

52.4 


> Surface Reactiona iu Flotation. A. W. Fahrenwald: Min. and Met., Jan. 1924. 
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In order to find what effect the toxic agent might have upon the surface 
tension of the oil-water mixture, we mixed 6 drops of oil with 400 cc. of dis¬ 
tilled water and added M/io Pb(NOs)2 in amounts varying from 3 cc. to 
30 cc. These experiments were repeated using M/10 Co(N03)2 in place of 
Pb(N03)2. We also tried the effect of i cc. M/io Cr(N03)3 on 2 drops of oil 
in 405 cc. water and then 5 cc. M/io AgNOs on one drop of oil in 400 cc. 
water. The data on these determinations are given in Table III. 

We then tried to determine the effect of the addition of galena on the oil- 
water mixture and also what effect the addition of the toxic agent would have 
upon the surface tension of this system. For this purpose we carrried out the 
experiments summarized in Table IV. 

Table IV 

Surface Tension of Certain Solutions after Contact with Galena 

Surface tension in 


Galena 

Water 

Electrolyte 



Oil 

dynes per cm. 

8.33* 

66 





66.5 

8.33 

66 



I 

drop 

60.0 

00 

o.> 

66 

M/io PbCNOs)* 

1.66cc. 

i 

u 

60.4 

8.33 

66 

« 

1.66CC. 



61.0 

10,00 

66 

a 

i.66cc. 

I 

u 

61.0 

10.00 

66 

M/io Cr(NO,), 

1.66cc. 

I 

ti 

52.5 


66 

M/io MgCNOs)* 

i .66cc. 

i 

u 

61.0 


66 

M/io AgNOs 

i. 66cc. 

i 

u 

59.7 


Adsorption of Cations by Galena 

Fifty-gram lots of the galena passing a 200-mesh sieve were thoroughly 
washed and 400 cc. of distilled water added. Then 10 cc. of the tenth molal 
solution of toxic agent were added and the mixture well shaken. After six¬ 
teen hours standing the solution was filtered from the galena and the amount 
of toxic cation in the filtrate determined by standard gravimetric procedure. 
The difference between the amount of cation found in the filtrate and the 
amount in 10 cc. of a tenth molal solution gave us the amount adsorbed on the 
surface of the galena. The following results were obtained: 

1. Number of equivalents AgNOs adsorbed by i gr. galena 3.6 X io“® 

2. Number of equivalents Ba(N08)2 adsorbed by i gr. galena 2.66 X io~® 

Discussion 

From an examination of graphs 2 and 4 where the log of the concentration 
of the toxic salt added has been plotted against the log of the amount of galena 
that failed to be floated we conclude that up to a certain concentration of the 
toxic salt we can use an equation of the type 

__ log L = log a + b log c 

^ This concentration of material corresponds to those used in the flotation experiments, 
using 10 cc. of M/io electrolyte. 
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where o «= oc. of the toxic salt added, a — a constant, b = a constant, and 
L >= the amount of galena that failed to float. The above equation can be 
thrown into the form 

L = ac**. 

The constants a and b can easily be determined. 

We have the following values for the two sets of data: 

Table V 


Constants for Curves in Graphs 2 and 4 



200-mesh galena 

300-mesh galena 

Salt added 

a 

b 

a 

b 

Mg 



•SO 

•579 

Ba 



I 30 

.760 

Co 

7 -S 4 

.622 

2.30 

.665 

Ni 

9 S 4 

.602 



Cd 

II. 14 

•543 



Pb 

13-34 

-48s 

3 ‘OS 

•755 

Ag 

40.94 

.069 



A 1 



34*11 

.0212 

Ce 

41-33 

.061 



Th 

46.15 

.0114 



Cr 



37-23 

.0101 


The above expression, which shows the relation between the concentration 
of the salt added and the loss in grams suggest Freunulich’s adsorption 
isotherm, which is commonly written, 

x/m = ay'^“ 

and would indicate an adsorption of the toxic agent by the galena. We find 
also from an examination of the curves that at a certain point there is a break. 
The new line having very nearly the same absolute value as the old but of 
opposite sign. The equation for this part of the curve thus assumes the form 

L = 

It appears from these considerations that we are dealii^ with two adsorp* 
tion curves. Such a state of affairs is not uncommon. We obtain just such a 
curve when we add AlCU to a negatively charged gum mastic sol.‘ 

All cations investigated, except chromium, produced this characteristic 
change in the shape of the curve, indicating that there may be different 
factors entering into the cause of the toxicity of chromium ion. 

From an examination of Table III it is evident that there is no reaction 
between eucalyptus oil and the toxic salts examined for if there had been we 
would have gotten an increase in the surface tension due to reduction of the 
amount of oil available. Hence we cannot in our case resort to Gaudin’s 


‘ Kruyt-van Klooster: “Colloids.” 
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explanation of the toxic effect of the salts by formation of insoluble soaps 
between the oil and the cations. 

The series of experiments in Table III indicates that there is no reaction 
between the salt added and the oil. Nor is the oil displaced from the surface 
of the galena by the addition of a toxic agent except in the case of chromium. 
In all cases except that of chromium we cannot postulate the formation of a 
surface which is more wetted by water than by oil. 

At this point we wish to consider the evidence for a theory which attempts 
to explain the effects of electrolytes on the flotation of galena by means of the 
electrostatic changes produced on the galena particle by the cations and 
anions of the electrolyte. 

It has been shown that the amount of a cation adsorbed by an AS2S3 sol^ 
bears a marked relation to the solubilities of the sulfides of the cations. We 
may make a similar test with galena. The following table gives the relative 
toxicity of the cation on the flotation of galena compared with the solubility 
of the corresponding sulfides in pure water. 


Table VII 

Solubility of Sulfide and Toxic Action of Cations 


Gaudin (using xanthate) 

Ag most toxic 

Pb 

Cd 

Co 

Ni least toxic 


Bull & Taylor (using 
eucalyptus oil) 

Ag most toxic 

Pb 

Cd 

Ni 

Co least toxic 


Mols per liter* solubility 
of sulnde 


Ag^S 

0 , 

•52 

X 

IO-« 

PbS 

I 

.21 

X 

IO~® 

CMS 

9 

.00 

X 

10 "^ 

NiS 

39 - 

62 

X 

10-® 

CoS 

41 

.62 

X 

I0“* 


One would expect this adsorption of cations to result in a positive charge 
on the galena particle. There would thus be an actual repulsion between the 
galena particles, with a corresponding decrease in flotation. 

In the case of those cations which do not form an insoluble sulfide we may 
suggest that the different toxicities observed are the result of different adsorp¬ 
tion of the cations on the surface of the galena or to varying effects on the 
charge on the the air bubble. Of course the differences in valence of the cation 
must also be taken into consideration since for equal molal amounts adsorbed 
the toxicities of the cations could be expected to stand in direct ratio to their 
valence because a divalent ion carries twice the electrostatic charge of a 
monovalent ion and so on. In fact a general grouping of the cations according 
to their valences may be observed. 

The quite characteristic decrease in the loss of galena after a certain con¬ 
centration of the toxic salt is reached is due, probably to an adsorption of 
the negative NOs ion. A similar case is the adsorption of the Cl ion after a 
certain concentration of AICI3 solution has been added to a negatively charged 

^ Z. ph3rsik. Chem., 100, 1425. 

* Boeke-Eitel: “Grundlagen der physikalisch-chemischen Petrographie,” 2d Ed., p. 385 
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gum mastic sol;' aud also in the reversal of the zeta potential of cellulose vdth 
increasing concentration of electrolytes, as observed by Briggs.^ 

Finely ground galena when suspended in water flooulates in a very short 
time and the supernatant liquid is entirely clear. If an electrolyte be added 
and thorouj^y mixed the galena is peptized and the supernatant liquid be¬ 
comes cloudy and filled with a suspension of fine particles of galena. This 
condition remains for several days. Upon the addition of sodium sulfate the 
galena is flocculated completely and the supernatant liquid clears up. This 
behavior is entirely analogous to that of a colloid and the only satisfactory ex¬ 
planation of such a behavior is based upon the assumption of electrostatic 
charges on the mineral particles. 

In addition to this highly suggestive evidence of the important role 
played by electrostatic charges in the toxic effects of salts in flotation we 
have data’ which shows that the initial positive charge carried by galena is 
greatly increased by the addition of AgNOs, Pb(NO»)2, Co(NOj)2 in con¬ 
centrations comparable with those used in our flotation circuit. AgNOj 
increased the potential on the galena the most, then Pb(NOs)*, and finally 
Co(NO«) 2. It will be observed that this is also the order of the toxicity of 
these salts, AgNOa being the most toxic. Apparently as far as these salts 
are concerned their toxic effect is simply due to the increasing of the positive 
charge or ^ena particle which tends to peptize the galena and so prevent 
it from coalescing on the surface of the air bubble. 

We are at a loss to account for the extreme toxicity of CrCNOa)* and 
ThCNOa), since both of the salts decreased the positive potential on the 
galena. 

Perhaps the following considerations will help somewhat to clarify the 
part played by chromium. Its behavior is distinctly different from any of the 
ions investigated. The shape of the curve connecting the loss of galena with 
the concentration of the salt added is different from any of the other curves. It 
shows no maximum even at high concentrations, which was shown quite 
clearly by every cation tried except chromium. The surface tension of lo 
grams of galena, 66 cc. water, one ^op of oil, and 1.66 cc. of M/io Cr(N 08 )s 
was 52,5 dynes per centime^ while the surface tension of 10 grams of galena, 
66 cc. water, and one drop of oil was 61.0 dynes per centimeter, indicating 
clearly that oil is not adsorbed as readily by a galena surface which has been 
treated with a Cr(NOg)8 solution and suggest that the surface is now more 
easily wetted by water than before the treatment with Cr(N 08 )». This 
might explain the extreme toxicity of the chromiiun ion on the flotation of 
galena. 

Summary 

In this research a large number of measurements have been made on the 
flotation recovery of galena by means of eucalyptus oil when various nitrates 
are present. The cations of these salts have toxic or unfavorable effects on 


‘ Kruyt: “ColloidB." 

* Brim: J. Phjrs. Chem., 32 , 641 (1928). 

' BuU: The ElectroMatios of Flotation, J. Phys. Chem., 32 ,000 (1929). 
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flotation, reducing the yield. The form of the curve of loss versus concen¬ 
tration of electrolyte strongly suggests an adsorption isotherm and leads to 
the belief that the cation is adsorbed on the galena surface. It is very probable 
that the normal mechanism of flotation of galena by eucaljrptus oil in absence 
of any electrolyte consists: (i) in the formation of air bubbles in which the 
oil is the frothing agent, (2) in the Aiming of the galena particles by the oil, 
and (3) in the adherence of the Aimed particles to the external surface of the 
bubble so as to form an “armor-plated bubble” which does not break down 
readily and thus floats the galena. On the other hand the toxic action appears 
to be due to the electrostatic repulsion of similarly charged mineral particles 
which reduces the adherence to air bubbles necessary for flotation. The 
applicability of the Schultze-Hardy valence rule to the toxic process and the 
regular increase in toxicity of bivalent cations of increasing adsorbability on 
the galena surface give very strong support to this hypothesis. Studies which 
have been made by various investigators of the effect of ions on the charge 
or zeta potential of suspended particles demonstrate a rather complex be¬ 
havior. It is probable that the complete story of flotation toxicity cannot 
be told until such measurements have been made on pure minerals. 

Minneapolis 

Minnesota, 

July, 1928 . 
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BY H. B. BULL 

The purpose of this research was to investigate the electrostatic charge 
carried by ^ely ground galena particles in distilled water and in solutions 
of different concentrations of salts in hopes of being able to give a more 
logical and certain interpretation to the observed “toxic” effects of these 
salts on the flotation of galena. 

As is well known, there is quite a definite relationship between the con¬ 
centration of a salt added to a flotation circuit and its toxic effect. This is 
clearly shown by the work of Gaudin and his associates* and also by Taylor 
and Bull.* The following graph shows the typical effects of a number of 
cations on the flotation of galena. 



Fig. I 

Showing “toxic” effect of electrolytes on the flotation of galena 

An attempt was made to determine the electrostatic charge on finely 
ground galena by the streaming potential method in an apparatus developed 
by Briggs.* But the resistance of the galena was so low that no difference of 
potential could be observed. 

The method finally adopted was based on a phenomenon discovered by 
Dorn* in 1878 and bearing his name. He found that when a body falls through 
a liquid there is a ^fference of electrical potential established between the top 
and bottom of the liquid. Freundlich and Mfikelt* attributed the existence 

^ “Flotation Fundamentals” by A. M. Gaudin, Harvey Glover, and G. W. Orr Hansen. 

* J. Pbys. Chem., 32 , 641-656 (1939). 

' J. Phys. Chem., 32 , 641 (1938). 

* Dorn: Ann. Physik., (4) 3 , 30 (1878); 9 , 513; 10,46 (1880). 

* Freundlich and Makelt: Z. Eledctroehemie, 15 ,161 (1913). 
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of this difference of potential to what is termed the zeta potential, that is the 
electrical potential existing across the immovable absorbed layer of ions and 
the boundary layer of movable molecules. 

The actual experimental technique was to allow ten grams of the purest 
crystallized galena, which had been ground to pass a loo mesh sieve and 
retained on a 325 mesh sieve, to fall through a glass tube 6$ cm. long and 3 
cm. in diameter, which contained the liquid in question. Platinum wires 
fused into the walls of glass tube 2 cm. from each end were used as electrodes. 
A quadrant electrometer was used to register the difference of potential 
between the top and bottom of the tube. The observed deflection of the 



Fio. 2 


quadrant electrometer, which was produced by the falling of the galena, was 
reproduced by an electromotive force whose strength could be accurately 
determined and thus the difference of potential produced by the falling 
galena was obtained. 

The galena was allowed to fall through varying concentrations of the ni¬ 
trates of Th, Cr, Ag, Pb and Co. 

Results 

In Fig. 2 the observed difference of potential is plotted as the ordinate 
against the concentration of salt added in millimols per milliliter as the 
abscissa. The sign of electrostatic charge on the galena is indicated. 

Discussion 

It is quite clear that in this series of determinations the zeta potential 
has not been actually determined but we have reason to believe' that while 

^ Freundlich and M&kelt: Z. Elektrochemie, 15, 161 (1912). 
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the difference of potential between the top and bottom of the liquid is not 
equal to the zeta potential it is> within certain limits, proportional to it. 

A comparison between the toxic effect of Ag, Pb, and Co and the effects 
that these ions produced on the electrostatic charge of the galena is highly 
suggestive. It indicates, perhaps, that a large part of the toxic effect of these 
ions is due to the raising of the electrical charge on the particles of galena and 
so preventing them from collecting on the air bubble thereby reducing the 
yield in flotation. This explanation becomes more convincing in light of 
E. F. Burton and J. E. Currie’s^ work who found that when small lead shot 
were dropped through solutions of salts of different concentrations that there 
was a marked repulsion between the shot at certain salt concentration as 
evidenced by scattering of the shot as they fell and that these concentrations 
correspond to salt concentrations where there was a maximum difference of 
potential between the top and bottom of the liquid. 

The reason for the large effect of the silver ion as compared with the lead 
and cobalt ion is probably due to the fact that the silver ion is absorbed to a 
much greater degree than the lead and cobalt ion, this greater absorbability 
being due to the fact that silver sulfide is three times more insoluble than lead 
sulfide and eighty times more insoluble than cobalt sulfide. 

In as much as neither thorium nor chromium form stable sulfides and since 
the galena carries an initial positive charge, the nitrate ion in these cases 
plays a predominating role. There is apparently no connection between the 
extreme toxic effect of these ions on flotation and the electrostatic charge 
carried by the galena while in a solution of these salts. 

It is also highly suggestive that finely ground quartz was found to carry 
a relatively large negative charge while it is well known that air bubbles in 
water are also negatively charged.^ 

Summary 

1. There is an apparent connection between the toxicity of Ag, Pb, and 
Co on the flotation of galena and the electrostatic charge carried by finely 
ground galena in solutions of the nitrates of these cations. 

2. There is apparently no connection between the toxicity of Th and Cr 
on the flotation of galena and the electrostatic charge carried by finely 
ground galena in solutions of the nitrates of these cations. 

University of Minnesota^ 

Minneapolis. 

* N. A. McTaggart: Phil. Mag. (6), 27, 297 (1914). 

*E. F. Burton and J. E Currie; Phil. Mag., (6) 49, 194 (1925). 
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IV.* The Practical Utilization of a Small Quartz-Prism Spectrograph for 
the Quantitative Determination of Lead Tetraethyl in Gasoline. 

BY G. L. CLARK AND H. A. SMITH* 


Introduction 

Many of the chemical engineering problems of today, and most certainly 
those of tomorrow, are intimately concerned with the detection and deter¬ 
mination of very small amounts of foreign material acting as catalysts and 
with the study of obscure reaction mechanisms. It is too little realized that 
the optical spectrograph is one of the most powerful instruments known for 
attacking such problems as these. There are many examples of the use of 
spectroscopy in qualitative and quantitative analysis, particularly with line 
emission spectra.* In the preceding papers of this series the method has 
been applied, with intere.sting and valuable results, to the analysis of the 
flames of motor fuels, particularly as they occur in internal combustion en¬ 
gines. Detonation was distinguished by a radiation running far into the ultra¬ 
violet, while much of this is not emitted or is absorbed by suppressors such 
as lead tetraethyl, aniline, or iodine. Definitely banded spectra were ob¬ 
served to characterize specific conditions. The radiation in the four quarters 
of an engine stroke has been studied, and various gasolines have been rated 
from their ultraviolet flame spectra. The presence of lead tetraethyl was 
found to be sensitively indicated by the presence of characteristic lead lines. 

The purposes of the present investigation were as follows: 

(1) to test the method systematically as a means of qualitative and quan¬ 
titative analysis for lead tetraethyl in motor fuels; 

(2) to establish the limits of sensitiveness and accuracy of a small and 
inexpensive quartz prism spectrograph and to show its applicability to 
chemical and industrial problems in general; 

(3) to ascertain, if possible, any further facts concerning the mechanism 
of the action of lead tetraethyl as a detonation suppressor. 

The Spectrograph 

A Gaertner quartz spectrograph of the type L2S0, holding a plate of 
8.25 cm. X 1.08 cm., was used in this investigation (see Fig. 7). A stainless 
steel slit with micrometer screw was designed to replace the usual type of 
slit and it was satisfactory in every way. An optical quartz window was 

' For the first three papers of the series, see Ind. Eng. Chem., 18,528-551 (1926); J. Soc. 
Automotive Engineers, 20,264-269 (1927); 23,166-173 (1928). 

* Holder of the Standard Oil Company of Indiana Research Fellowship, which made 
possible this and other related investigations. 

* An outstanding contribution is the series of ])apers by Negresco: J. Chim. phys. 2 Si 
142, 216, 308, 343, 363 (1928). 
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framed and fitted over the slit, however, so that it was necessary to clean the 
slit only once a month even in the presence of oil or very humid conditions. 
But it was established as good practice, before a plate was exposed, to reset 
the slit and examine the spectrum on the fluorescent screen. 

The spectrograph is small, light, easily portable and can be operated in 
any position so that it may be adapted to a variety of sources which it may 
be desirable to examine. A spectrum 4.45 cm. long, covering wave lengths 
from 2235 A.U. to 5461 A.U. can be obtained with the photographic plates 



used, and any spectral line can be identified from the wave length measure¬ 
ments, if a standard line spectrum is chosen in which the lines are relatively 
close together. 

The Standard Line Spectrum 

For the standard spectrum, by means of which the flame spectrum was 
measured, the mercpry arc in vacuo in a quartz tube was chosen because the 
arc gives a good number of well-defined lines in the ultra-violet as well as in 
the visible region. 

The details of construction of the mercury arc and its housing appear in 
Figs. I, 2, and 3. Since a standard apparatus was not available, the arc 
and its housing were designed for the purpose of economy, simplicity and 
portability, and were built in the laboratory. This home-made lamp was 
found eminently satisfactory for the purpose used. 
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Eastman 36 plates were used for photographing the ultraviolet and visible 
regions. Mineral oil, such as Nujol, has commonly been used for sensitizing 
plates to the ultra-violet, due to its property of being fluorescent when it is 
excited by high frequencies. The results of a test on these plates, however, 
indicate that such an oil did not sensitize the plate beyond the limit reached 
without the’oil, but appreciable fogging did occur. 


to. IS cm 


13 


Fig. 3 

The Mercury Arc Housing Section Y—Y Fig. i. 



Type of Burner Employed and Procedure for burning Fuel 

The first type of burner employed as a source of radiation was a small 
gasoline blow-torch. It was soon found, however, that on burning a solution 
of gasoline and the commercial lead tetraethyl liquid the torch was badly 
choked by black carbonaceous material and possibly some lead. It was 
evident that super-heating and decomposition were going on and that a 
quantitative determination was doubtful. Two things were done to correct 
this. First, the commercial liquid was distilled from the red dye, under re¬ 
duced pressure^ since the dye is not volatile and would decompose and cumu¬ 
latively clog any apparatus depending on the principles of distillation. Sec¬ 
ond, a new type of still and burner were developed in which the temperature 
of distillation could be controlled and indicated. 

The details of the still appear in Figs. 4, 5, and 6. Fig. 4 is a front eleva¬ 
tion showng the exterior arrangement. Fig. 5 is the cross section Z-Z of 
Fig. 4 while Fig. 6 is the cross section o—o of Fig. 5. The electrical heating 
system consists of two terminals insulated from the galvanized sheet iron 
housing of the still by two blocks of transite board (see Fig. 5). The heating 
element itself is a coil of chromel wire which is wound around a Pyrex tube 
L, Figs. 5 and 6, held in place by a thin layer of alundum cement worked 
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in between the wires on the Pyrex tube. The temperature of the still is indi¬ 
cated by a 360° Centigrade thermometer which is placed in the mmular space 
midway between C and L, Figs, s and 6. The still will heat up to operating 
temperature, 225®, in 15 minutes if the power input is reguteted properly. 
All exterior piping is lagged with a winding of asbestos yam covered with 
friction tape. The still coil and heating coil A and L, Figs. 5 and 6, are 
insulated by a magnesia filling between a 7.62 cm. pipe N, Figs. 5 and 6, 
concentric with the coil and the galvanized sheet iron housing. 



When the still has reached 225® and the 3.2 mm. needle valves E and A 
and gate valve B, Fig. 4 are closed, an hour’s supply of fuel, 150 cc., is put 
into the tank indicated at the top of Fig. 4, and a pressure of 2.64 kg. per sq. 
cm. applied by compressed air. The 3.2 mm. gate valve B and the needle 
valve A, Fig. 4, are then opened a small amount, determined by experiment, 
and the gasoline-lead tetraethyl mixture flows slowly down the 3.2 mm. 
iron pipe B, Fig. 5. When the lower part of the pipe carrying the liquid 
phase, including the blow-off valve E and its coimections, is filled with the 
liquid mixture it rises into the 3.2 mm. copper spiral still M, Figs. 5 and 6, 
which is at 225®. The solution here contains constituents boiling from 6 q- 
200® but the lower boiling portions soon flash into vapor leaving some of the 
higher boiling portions which are forced up into the spiral still by the on¬ 
coming liquid until sufficient time has elapsed for the vaporization of all the 
liquid. A balance between the nressure applied to the lead tetraethyl solu- 
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tion and the opening of valves B and A must be determined and maintained 
within limits to damp the oscillations in pressure and hence in flow, tending 
to occur in a still of this small capacity. 

The gaseous mixture, having the same composition as the liquid mixture 
in the tank and being under a pressure of 2.64 kg. per sq. cm., is reduced 
through valve A to atmospheric pressure. The gas then flows down the 3.2 
mm. iron pipe A, Fig. 5, and mixes with the preheated primary air at C", 
Fig. 5. The primary air is introduced at C', Fig. 5, at a pressure of 2.64 kg. 



Fig. 5 Fig. 6 

Still, Cross-Section Z-Z of Fig. 4 Still, Cross-Section 0-0 of Fig. 5. 


per sq. cm. and is led upward through the 3.2 mm. iron pipe (V, concentric 
with and within the heating element L. The air is heated to 225° in its passage 
through the pipe C' and is then brought down through the exterior pipe C, 
Fig. 4, and is reduced to atmospheric pressure through the 3.2 mm. needle 
valve D, Fig. 4, where it mixes with the gases from the still at the same 
temperature. The air-gas mixture is then led to the burner G, Figs. 4 and 5, 
which is a 3.2 mm. iron pipe of the required length from the top of which the 
flame burns. Valves D and B are set at the best operating conditions by 
trial and are left at these settings throughout the tests, all regulation of the 
flame being accomplished through needle valve A. 

The still was fairly smooth in operation but it was impossible, with the 
small capacity of the still, to obtain an absolutely steady flame, the result 
being that the product “time X intensity” is not the same for a given time. 
This product should be practically constant or otherwise the spectra will not 
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be comparable. Since no readily available method was at hand to measure 
this product it remained to fix the intensity of the flame just above the port. 
Now, the intensity of the flame varies with the air-gas ratio; the larger the 
ratio, in general, the greater the intensity. It was inconvenient to regulate 
the primary air so that it was kept constant and the flame was surrounded 
at the port with an atmosphere of oxygen supplied through F, Figs. 4 and 5, 
to a 10 mm. pipe concentric with and surrounding the burner pipe G. 

For the purpose of improving combustion and limiting the radiation from 
the incandescent carbon in the flame, appearing when the air-gas ratio is 
low, a 3.8 cm. pipe 20.32 cm. long, drilled with holes (for observation) every 



Fig. 7 

The Apparatus set for an Exposure to the Mercury Arc 

2.54 cms. for 12.70 cms. from the lower end, was clamped i cm. above the 
port of the burner. A pilot flame of gas was kept burning in this pipe at all 
times. A shutter or galvanized iron blind, fitted to a slide and clamped to a 
stand, was kept down in front of the slit except when making an exposure. 
After an exposure is made using a solution of lead tetraethyl and gasoline 
the still is washed with 75 cc. of pure gasoline at 225°. Then, of course, the 
blow-off is opened to drain the system completely. The next spectrum taken 
is always one of pure gasoline. Then in making an exposure to the mercury 
arc the sliding screen is moved over to the desired position and the standard 
spectra made without moving the plate holder. 

The general disposition of the apparatus is photographed in Figs. 7 and 
8, the former showing an exposure to the mercury arc and the latter an ex¬ 
posure to the fuel flame. 

The burner was designed especially so that the vaporized fuel should 
maintain a constant composition throughout a given experimental run; in 
other words to assure that the concentration of the lead tetraethyl in the 
liquid should not increase in the residual liquid. The following experimental 
facts prove the validity of the design and of the method of quantitative 
anaJ^rsis: 
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(1) The end point of the gasoline used was 208®, the arithmetic mean 
of the end points of two other standard gradeif of gasoline. The boiling point 
of lead tetraethyl, 202° at atmospheric pressure, comes within 4° of the end 
point of the gasoline used. 

(2) The residue of decomposition obtained in the blowtorch by super¬ 
heating was analyzed for lead with negative results. 

(3) There was at aU times a positive flow of fuel, the still being under a 
positive pressure of 2.64 kg. per sq. cm. and 25 cc. of fuel above the required 
amount for an exposure being used so that no air passed through the still 
during an exposure. 



Fig. 8 

The Apparatus set for an Exposure to the Fuel Flame 

(4) Vaporization was practically instantaneous as the fuel within 3 cm. 
was brought from atmospheric temperature to 225° in a 3.2 mm. pipe in which 
the flow was upward. 

(5) Spectra were taken of one solution at 10® intervals from 200° to 240°, 
no difference in the intensity of the lead lines appearing at any of the tem¬ 
peratures indicated. 

(6) Within the error of a chemical analysis no increasing concentration 
of lead tetraethyl occurred. 

Procedure in Anal3rtical Experiments 

After the distillation of the commercial lead tetraethyl liquid from its 
red dye, it w^as necessary to analyze the yellow distillate which consisted of 
ethylene bromide, lead tetraethyl, monochloronaphthalene and evidently 
some hydrocarbon. A method of analysis was worked out using the Parr 
sodium peroxide bomb as a means of decomposing the liquid. The bromine 
was determined as silver bromide and the lead as lead chromate, checks being 
obtained within 0.2%. After distillation, the liquid contained 43.7% tetra¬ 
ethyl, The specific gravity of the liquid was 1.831. 

The gasoline used throughout this investigation was the standard gasoline 
marketed by a well known company, having an average specific gravity and 
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end point of 0.738 and 208 ° C. respectively. All the gasoline was thus tested 
before it was used. Fig. 9 shows a typical set of distillation curves for the 
gasoline used. 

All solutions were made up volumetrically from calibrated pipettes at a 
temperature of 20°. Two series of solutions were used: 

(i) i.o cc. lead tetraethyl/iooocc. of gasoline to o.i cc. lead tetra¬ 
ethyl/1000 cc. of gasoline varying in steps of o.i cc. of lead tetraethyl. 



Fig. 9 


(2) O.I cc. lead tetraethyl/1000 cc. of gasoline to o.oi cc. lead tetra¬ 
ethyl/1000 cc. of gasoline varying in steps of o.oi cc. of lead tetraethyl. 

Several spectra of the 1.0/1000 cc. solution were photographed at various 
still temperatures varying from 200® to 240® in steps of 10® in order to deter¬ 
mine any difference that might show up in the flames as a function of tem¬ 
perature. No difference was found in the spectra but the smoothest operation 
occurred between 220® and 225® so that this range of temperature was used 
throughout the tests. Exposures to the photographic plate in the spectro¬ 
graph were one hour for solutions containing from i.o to 0.1 cc. lead tetra- 
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ethyl per liter of gasoline and two hours for solutions containing from o.i 
to 0.01 cc. per liter. Longer exposures are not practical because the flame 
spectrum becomes so intense that the lead lines are obliterated. Between each 
spectrum of the lead tetraethyl solutions a pure gasoline spectrum was inter¬ 
posed for the purpose of comparison and for a check on any irregularities that 
might develop. Comparative spectra were also run on solutions of ethylene 
bromide and aniline, as well as on other fuels, benzene, ethyl alcohol, acetone, 
ether and carburetted water gas (Table III and Fig. ii). 



Fig. 10 

Measuring the Spectra 

The plates were measured by transmitted light on a Hilger measuring 
micrometer which could be read to thousandths of a millimeter. Readings 
were carried only to the hundredths, however, as the error introduced is 
negligible on a spectrograph of this resolution and dispersion. Each spectrum 
was measured twice to catch any error that may have been made the first time. 
After several standard spectra were measured it was very helpful to make a 
graph of wave length vs. millimeters measured, for a given resolution, using 
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the average values of several readings. Thus a quick check on any line could 
be made from a single measurement. Fig. lo is an example of such a graph, 
the data for this graph being taken from a set of five graphs covering the same 
range. The larger scale was chosen so that as nearly as posable the curve 
had on each sheet a slope of i :i. These two precautions insure a greater ac¬ 
curacy in reading. 


Results 

Table I is a list of the lines of lead produced by the flame of lead tetra¬ 
ethyl in gasoline supplied with preheated primary air and burning in an 
atmosphere of oxygen. This list, it will be noticed, contains 17 lines of which 
the line at X/2167 has not been identified heretofore with the flame spectrum 
of lead. The wave lengths given in column 5 are the average of actual meas¬ 
urements upon the spectrum plates. For purposes of comparison and coor¬ 
dination values of the wave lengths of the lines in the line spectrum of lead 
as produced by the spark, arc and flame as determined by various authorities 
are included. No attempt was made to rate the intensities of the lines in the 
flame spectra, but the intensities of the lines in the spark and arc spectrum 
of lead are pven, which, it is believed, are relatively representative of those 
of the corresponding lines in the flame spectrum. The intensities were taken 
as those values given for the spark spectrum except where lines occur in the 
arc that do not occur in the spark spectrum; in such cases the intensity of the 
arc line is used. All wave lengths are given in Angstrom units. 
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Table I 

Lead Lines appearing in the Flame Spectrum of Lead 
(i.o cc. lead tetraethyl/1000 cc. gasoline; exposure, 3 hours; angle, 

focus, 2.4; slit, 0.3) 

( 3 ) ( 4 ) ( 5 ) 

4168.21 - - 


4059 
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Table I (continued) 

Lead Lines appearing in the Flame Spectrum of Lead 
(i.o cc lead tetraethyl/1000 cc. gasoline; exposure, 3 hours; angle, 7.0; 

focus, 2.4; slit, 0.3) 
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3683.64 

3683.60 

3683.60 

3683 

3685 

50R 

3671.72 

3671-65 

3671-65 



10 

3655-8 





I 

3639-72 

3639-71 

3639-71 

3639 

3644 

2 oR 

3593-1 





I 

3573-03 

3572-88 

3572-88 

3572 

3572 

20 

3455 





I 

3279-35 





I 

3276.6 





I 


3262.47 




4 

3243 00 





I 


3240.31 




4 

3220.7 

3220.68 




I 

3176.62 



3176 


10 


3150.9 




3 

3137-91 



3138 


10 

— 

3119.09 




2 

3089.21 





2 

3087.15 





I 

3044-00 



3044 


10 

3031.8 





I 

3017.7 





I 


2980.29 




2 

2949.5 



2949 


2 


2926.84 




2 

2873.42 

2873.40 

2873.40 

2873 

2873 

loR 

2864.5 





I R 

2833.13 

2833.17 

2833-17 

2833 

2833 

15R 

2823.24 

2823.28 

2823.28 

2823 


loR 

2802.10 

2802.09 

2802.09 

2802 

2805 

30R 

2717.2 





I 

— 

2712.62 




2 

2697.6 

2697.72 




I 

2663.22 

2663.26 

2663.26 

2663 

2663 

loR 

2657.17 

2657.16 




I 

2650.4 

2650.77 

— 



2 

2628.47 

2628.36 

2628.36 



2 

2614.29 

2614.26 

2614.26 

2613 

2616 

loR 

2613.79 

2613.74 

— 

— 

— 

3 R 

2577.40 

2577-35 

2577.35 


2580 

5 R 
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Table I (continued) 

Lead Lines appearing in the Flame Spectrum of Lead 
(i.o cc lead tetraethyl/1000 cc. gasoline; exposure, 3 hours; angle 7.0; 

focus, 2.4; slit, 0.3) 

(I) (2) (3) ( 4 ) ( 5 ) ( 6 ) 


2568.54 
2563 -39 


2476.49 

2476.48 

2446.46 

2446.28 

2444.10 

2443-92 

2428.82 

— 

2411.85 

2411.80 

2402.18 

2402.04 

2399.70 

2399.69 

2393.90 

2393-89 

2389.00 

2388.89 

2332-63 

2332.54 


2257-53 

2254.02 

2247.00 

2247.00 

2237.7 

2237,52 

2203.68 

2203.57 

2187.99 

2175.88 

2170. II 

2170.07 
2115. I 

2112.0 
2088.5 


2476.48 

2446.28 

2443-92 

2411.80 

2402.04 

2393-89 


2477 

2445 


2413 

2403 


2247.00 - 2243 


2167 


1 

5 

6 R 
4 

4 

2 

2 

3 
1 

4 R 

1 

I 

1 

3 R 

2 R 

1 

4 R 

2 

4 R 
2 R 

5 R 

4 

5 R 


(1) Wave length of lines in the spark spectrum of lead as given by F. Exner and E. 
Haschek: ^^Wellenlangen-Tabellen zu spektralanalytischen Untersuchungen auf Grund 
der ultravioletten Fumcenspectren der Elemente’’ (1902). 

(2) Wave lengths in the arc spectnim of lead as riven by H. Kayser and C. Runge: 
“t)ber die Spectra von Zinn, Blei, Arsen, Aa^mon, Wismuth.” Wied. Ann., SZ, 93 -ii 3 

(1894)- 

^ wave lengths of lines in the coal gas flame of lead using a solution of an inorganic lead 
salt as given by Ch. de Watteville: “Spectres de flamme.'* Phil. Trans. 204 A, 139-168 

(1904)- 

(4) Wave lengths of lines in the coal gas-hydrogen flame of lead using a solution of an 
inorganic lead salt as given by H. Auemach: “Spectroscopic Untersuchungen tiber das 
Verhalten der Metallsalze in Fuimmen von verschi^enen Temperaturn.“ Z. wiss. Phot. 7 , 
30-39^ 41-66 (1909). 

(5) Wave lengths of lines in the gasoline-lead tetraethyl-oxygen flame of lead as 
measured by the authors. 

(6) Intensities of the lines in the spark and arc spectrum of lead as given respectively 
by the authorities quoted for columns (i) and (2). 


Table II lists the lead lines found at various concentrations of lead tetra¬ 
ethyl in the gasoline. A concentration of i,o cc/iooo cc means i.o cc of the 
distilled lead tetraethyl fluid, specific gravity 1.831, in 1000 cc. of gasoline. 
A concentration of 513 p.p.m. means 513 grams of lead in a million cubic 
centimeters of the gasoline, measured at 20®. A -4- in the list of wavelengths 
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refers to the presence of a line, a— to the extinction of a line; F means “faint’^ 
and VF means “very faint.” The two ultimate lines, XX3683.6 A.U. and 
2614.2 A.U., correspond with the ultimate lines given for lead by Twyman. 
It should be further understood that a line gradually disappears and that it 


Table II 

The Wave Length of the Lead Lines, in A.U., appearing at Given 

Concentrations 


Concen¬ 

i.o cc/iooo 0.9 cc/iooo 

0.8 cc/iooo 

0.7 cc/iooo 

trations 

513 p.p.m. 462 p.p.m. 

410 p.p.m. 

359 p p m- 

Wave 

4059 

+ 

+ 

+ 

Lengths 

3741 

+ 

+ 

+ F 


3685 

+ 

+ 

+ 


3644 

+ 

+ 

+ 


3 S 72 

+ 

+ 

+ F 


2873 VF 

+ VF 

+ VF 

— 


2833 

+ 

+ 

+ 


2805 

+ 

+ 

+ 


2663 

+ 

+ 

+ 


2616 

+ 

+ 

+ 


2580 VF 

+ VF 

+ VF 

+ VF 


2477 

+ 

+ F 

+ F 


2455 VF 

+ VF 

+ VF 

+ VF 


2413 VF 

+ VF 

+ VF 

+ VF 


2403 VF 

+ VF 

+ VF 

+ VF 


2243 VF* 

— 

— 

— 

2167 VF* 

* These lines appear only on a 3 hour exposure. 



0.6 cc/iooo 

0.5 cc/I 000 0.4 cc/iooo 

0.3 cc/iooo 

0.2 cc/1000 

o.i cc/iooo 

308 p.p.m. 

256 p.p.m. 205 p.p.m. 

154 p.p.m. 

102.5 p p m. 

51.3 p.p.m. 

+ 

+ + 

+ 

+ 

+ F 

+ F 

+ F + F 

+ VF 

— 

— 

+ 

+ + 

+ 

+ 

+ F 

+ 

+ + 

+ 

+ 

+ F 

+ VF 

+ VF + VF 

— 

— 

— 

— 

— — 

— 

— 


+ 

+ + 

+ 

+ 

+ F 

+ 

+ + • 

+ 

+ 

+ F 

+ 

+ + 

+ 

+ F 

+ VF 

+ 

+ + 

+ 

+ 

+ 

+ VF 

+ VF + VF 

+ VF 

— 

— 

+ F 

+ F + F 

+ F 

— 

— 

+ VF 

+ VF + VF 

+ VF 

— 

— 

+ VF 

+ VF + VF 

— 

— 

— 

+ VF 

+ VF + VF 

— 

— 

— 
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Table II (continued) 


0.09 cc/iooo 

0.08 cc/iooo 

0.07 oc/iooo 

0.06 cc/iooo 

0.05 co/iooo 

462. p.p.m. 

41.0 p.p.m. 

35.9 p.p.m. 

30.8 p.p.m. 

25.6 p.p.m. 

+ F 

+ VF 

+ VF 

+ VF 

+ VP 

— 

-- 

— 


— 

+ F 

+ VF 

+ VF 

+ VF 

+ VF 

+ F 

+ VF 

+ VF 

+ VF 

+ VF 

— 

— 

— 

— 

— 


— 

— 

— 

— 

+ VF 

+ VF 

— 

— 

-- 

+ F 

+ F 

+ VF 

— 

— 

+ VF 

+ VF 

+ VF 

— 

— 

+ 

+ 

+ 

+ F 

+ F 

— 

— 

— 

— 

— 

— 

- 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 

0.04 cc/iooo 

0.03 cc/iooo 

0.02 cc/iooo 

o.oi cc/iooo 

20.5 p.p.m. 

+ VF 

+ F 

15.4 p.p.m. 

+ VF 

+ VF 

10.25 p.p.m. 

+ VF 

5.13 p.p.m. 


requires very careful observations in all cases to judge whether or not the 
line has disappeared. Perhaps a more standard method of canying out 
such a determination; introducing less of the personal factor; would be to 
subject all the spectra to a microphotometer. This is now being done with a 
new dfensitometer. It is clear that with these small spectra the line X2 414.20 
persists to a lead concentration between 5 and 10 p.p.m. and that larger 
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amounts may be determined with considerable quantitative accuracy from 
the number and intensity of lines. Therefore the spectroscopic method has 
a decided advantage over chemical methods of analysis for lead in gasoline 
when traces only are present. Obviously still smaller concentrations could 
be detected with a larger spectrograph. 

Details of Spectra 

Table III is in explanation of Fig. ii in which typical spectra are repro¬ 
duced. These are all distinguished by banded structures. The water or 
steam bands have been identified as those bands caused by the burning of 
hydrogen and oxygen to form water. 

These bands appear in all of the spectra 
atXX28ii, 3064; 3428 and 3471- The 
other bands at XX3877, 3897, 4320, 4366, 

4781 and 5218 are of (^H andC-O origin 
and appear in all of the spectra which 
have been taken through the cone of 
primary combustion. The background of 
all of the spectra is continuous. Spectrum 
4 is an example of the numerous expos¬ 
ures made with gasoline containing lead 
tetraethyl. In no case was any evidence 
of bands due to lead compounds found, 
again confinning the almost instantane¬ 
ous decomposition of the tetraethyl 
molecule. Spectra 14, 17 and 18 area 
series of spectra taken through the flame 
of city gas burning with oxygen. Spectrum 14 was taken through the flame 
at the base and therefore contains the primary and a little of the secondary" 
cone of combustion, the color of the primary cone of combustion being a 
bright blue green. Spectrum 17 was taken through the secondary cone of 
combustion, the color of this cone being a bright lavender. Spectrum 18 
was taken through the third cone of combustion which is much weaker in 
intensity than the other two cones. This cone is a pale straw yellow. In the 
first cone, reactions occur about which there is much argument, but in the 
second cone, the combustion reactions probably consist of the reaction of 
oxygen with hydrogen and carbon monoxide. For this cone. Spectrum 17, 
there are only the water bands and the continuous background characteristic 
of the flame of carbon monoxide. In the third cone, Spectrum 18, the only 
band appearing is one of steam. This cone consists, then, of the incipient 
combustion of the cooled and diluted hydrogen. These explanations are, in 
general, in agreement with the most recent hydroxylatioii theory of the 
combustion of hydrocarbons.^ 

The spectra of all the fuels taken through the primary cone are similar 
in structure but it will be seen that they vary considerably in intensity. All 

^ Haslam and Russell: ‘‘Fuels and Their Combustion,*' 170-192 (1926). 


A*f»gstr^ms. 



Fig. II 

The Ultra-Violet Quartz Prism Spec¬ 
trogram of Fuel Flames referred to 
the Standard Spectra of a Mercury Arc 
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of these spectra were carefully measured and there is no shift of any bands 
in the spectra of the different fuels within the error of measurement. Without 
exception, however, the fuels that tend to show detonating properties are the 
most intense, namely gasoline, ether and acetone as compared with benzene, 
alcohol, gasoline and lead tetraethyl, gasoline and aniline and carburetted 
water gas. Much of the remarkable detail of the original spectrum negatives 
is lost in the reproductions. 

The Status of Theories of Detonation Suppression 
The line spectra of lead obtained in these and former experiments clearly 
indicate that the suppression of detonation in gasoline engines obtained when 
lead tetraethyl is used in the gasoline is accompanied by the complete de¬ 
composition of the lead tetraethyl molecule into metallic lead at first. In 
spectral photographs of the fiames of motor fuels in an actual internal com¬ 
bustion engine, considered in previous papers of this series, only three of the 
lead lines have been particularly noted. The identification of as many as 17 


Spectrum 

Table III 

In Explanation of Fig, 11 

Source of Spectrum 

Time of Exposure 

I 

Mercury Arc 

in Minutes 

0.15 

2 

The Standard gasoline 

60.0 

3 

I cc ethylene bromide/looo cc of the 

60.0 

4 

standard gasoline 

I cc lead tetraethyl/iooo cc of the 

60.0 

5 

standard gasoline 

The standard gasoline 

60.0 

6 

Mercury Arc 

0.15 

7 

I cc aniline/1000 cc of the standard 

60.0 

8 

gasoline 

Benzene 


9 

Ethyl alcohol 

60.0 

10 

The standard gasoline 

60.0 

II 

Mercury Arc 

o.is 

12 

Acetone (dimethyl ketone) 

60.0 

13 

Diethyl ether 

60.0 

14 

Carburetted water gas, cone of 

60.0 

15 

primary combustion 

The standard gasoline 

60.0 

16 

Mercury Arc 

O.IS 

17 

Carburetted water gas, cone of 

60.0 

18 

secondary combustion 
Carburetted water gas, cone of ter¬ 

Z20.0 

19 

tiary combustion 

The standard gasoline 

60.0 
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lines is to be ascribed partly to greatly improved spectrographic technique 
and to the efficiency of the special burner which scarcely reproduces the 
conditions of explosion in an engine. However, the act of molecular disin¬ 
tegration in the vapor phase seems to play a primary role in the suppressor 
action. The following experiments suggested by these studies are in progress: 
photography of the absorption spectra of liquid and gaseous lead tetraethyl 
alone and in solution in gasoline at a series of increasing temperatures; com¬ 
prehensive experiments with colloidal lead in the effort to settle greatly 
discrepant data reported in the literature; and complete spectroscopic 
studies with a quartz-walled engine. The exact mechanism of the action 
of lead tetraethyl is not yet definitely established, largely because the 
mechanism of detonation is still mainly enigmatical.^ 

Summary 

1. The flexibility, accuracy and simplicity of a small quartz prism spec¬ 
trograph has been demonstrated, as applied to chemical and industrial prob¬ 
lems, particularly the estimation of lead tetraethyl in gasoline and of its 
effect upon a detonation flame. 

2. A simple and inexpensive mercury arc and housing adapted for 
spectroscopic use, and a successful combined still and burner for liquid 
fuels are described, serving as permanent equipment for analyses of this type. 

3. In the system of analysis developed from the small spectra, $ grams of 
lead per 1,000,000 cc of gasoline have been detected. From the standard 
spectra, made from solutions of known concentration, it is possible to estimate 
larger quantities with a high degree of accuracy. 

4. Seventeen lines in the flame spectrum of lead have been identified and 
measured; one additional emission line has been discovered in the flame spec¬ 
trum of lead for the first time (X2167). 

5. The band positions, structures, and intensities have been compared 
for flames, under exactly the same conditions, of gasoline, gasoline plus 
ethylene bromide, gasoline plus lead tetraethyl, gasoline plus aniline, benzene, 
alcohol, acetone, ether and carburetted water gas in the cones of primary, 
secondary, and tertiary combustion. 

6. Further evidence is obtained that the detonation suppressor action 
of lead tetraethyl is not due to this compound as such but to the process of 
its decomposition and to the disintegration products. 

Deparlment of Chemistry, 

University of lUinois 


' For a critical analysis of mechanism theories, see the third paper of this series, ref. i. 
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BY F. E. BARTELL AND YING FU* 

Although a great amount of work has been done with both carbon and 
silica as adsorbents, the results reported by different investigators have been 
conflicting and satisfactory generalizations have been lacking. Bartell and 
E. J. Miller,^ working on the assumption that many of the anomalies reported 
in the literature are due to the impurities in the adsorbents used, undertook 
the preparation of an ash-free active carbon. Exact methods of experimenta¬ 
tion were observed and the results obtained with pure carbon appear to be 
free from anomalies. In view of the success of this work, it was thought 
desirable to make a similar study of adsorption with silica.^ 

It is well known that carbon exhibits a higher degree of adsorption from 
aqueous solutions than from solutions or organic liquids. Patrick and co¬ 
workers* have shown that silica adsorbs best from organic liquids. Work 
which has been carried out in this laboratory,^ on adhesion tension of liquids 
against solids, has shown definitely that carbon has a high adhesion tension 
against organic liquids and a comparatively low adhesion tension against 
water. The order of adhesion tension of silica against these liquids is the 
opposite. In general, it can be stated that a liquid which exhibits a high 
adhesion tension against carbon will show a low adhesion tension against 
silica and vice versa. Other factors being equal, adsorption rhould be greatest 
from those solvents which have the lowest adhesion tension against the solid. 
It should, accordingly, follow that adsorption effects obtained with silica 
as an adsorbent should be very different, in fact, practically opposite to those 
obtained with carbon as adsorbent. 

An extensive investigation on the adsorptive properties of hydrated silica 
has been carried out by Patrick and his co-workers.* They have studied 
the adsorption of gases, of vapors, of NaOH from solutions, and adsorption 

* The material presented in this paper is from a dissertation submitted by Ying Fu 
to the Graduate School of the University of Michigan in partial fulfillment of the re¬ 
quirements for the degree of Doctor of Science, 1928. 

^ J. Am. Chem. Soc., 44 , 1866 (1922); 45 , 1106 (1923). 

* No attempt has been made to present a complete biblio^aphy covering investigations 
on adsorption with silica and silica gel. Such a bibliograpny would include the cmssical 
researches of van Bemmelen and also the researches of many others. The work of this 
paper is most closely related to that indicated by the references cited herein. 

* Patrick and Jones: J. Phys. Chem., 29,1 (1925). 

^Bartell and Osterhof: Ind. Eng. Chem.. 19 , 1277 (1927): Z. physik. Chem. Cohen- 
Festband, 130 , 715 (1927); *'Colloid Symposium Monograph,'^ 5 (1927); Bartell and F. L. 
Miller: Ind. Eng. Chem., 20, 738 (1928). 

* Patrick: Diss. Gdttingen (1914^ McGavack and Patrick: J. Am. Chem. Soc., 42 , 946 
(1920); Patrick and Jones: J. Phys. Chem., 29 , i (1925); Patrick and Grimm: J. Am. Chem. 
Soc., 43 , 2144 (1921); Patrick and Barclay: J. Phys. Chem., 29 , 1400; Patrick and Eber- 
man; 220: Patrick and Greider: 1031; Patrick and Long: 336; Patrick and Opdyke: 601; 
Patrick, Preston and Owens: 421 (1925); Patrick and Neugansen: J. Am. Chem. Soc., 
43 , 1844 (1921). 
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from organic liquids. They have also studied heat of wetting and heat of 
adsorption with silica, as well as the displacement of water from the hydrogel 
by other liquids. The latter was also studied by Firth and Purse^ who con¬ 
cluded that water can be completely displaced from the gel by alcohol. This 
was not in agreement with Patrick's results. The most active gel recorded 
was that of Holmes and Anderson^ and Holmes, Sullivan and MetcalP who 
precipitated the silica gel from water glass solution by adding an excess of 
dilute solution of nickel or iron salts. The salts were removed with hydro¬ 
chloric acid after the gel had been dried slowly at a low temperature. Ad¬ 
sorption with quartz and with silica which had been ignited for a long time 
were studied by Jones^ and Joseph and Hancock.^ Silica gel containing about 
85% water has been used in adsorption studies by Mukherjee and his co¬ 
workers.® 

Method of Preparation of Silica 

In nearly all previous investigations hydrated silica gel has been used in 
preference to the dehydrated gel or silica because of its greater activity. The 
method of preparing the gel has been essentially that used by MacGavack and 
Patrick.’ Silicic acid is precipitated from water glass by the addition of hydro¬ 
chloric acid and then is washed to remove the electrolytes. In the present 
investigation silica gel was at first prepared by this method and was partially 
dehydrated by heating. This treatment gave a very active gel, but the method 
was unsatisfactory, in that acid w^as left which was ver>^ difficult to remove 
without affecting the activity of the gel. It was found also that this gel was 
usually contaminated with a trace of sodium salt which, while not affecting 
the activity of the gel for the adsorption of gases, was undesirable for work on 
hydrolytic adsorption of salts. After trial of many methods, the method of 
Ebler and Felner® was finally adopted. Pure silicon tetrachloride was dis¬ 
tilled into conductivity water surrounded by cracked ice until the resulting 
solution showed a slight blue tinge. The solution usually set to a gel within 
one hour. The gel was heated at a low temperature, about^6o° C, to remove 
the major portion of the acid and the water. It w^as then transferred to quartz 
crucibles and heated in an electric oven at 260° C for two hours. Without 
being cooled down to room temperature the gel was taken out of the oven and 
immediately poured into warm conductivity water. After three or four 
washings by decantation, the gel was again placed in the oven at 260° C. 
Practically all the acid on the gel was removed by the first treatment, but 
the process was repeated at least six times to insure complete removal of im¬ 
purities. Analysis showed that this silica contained no chloride and when 

^ J. Phys. Chem., 30 , 617 (1926). 

* Ind. Eng. Chem., 17 , 280 (1925). 

* Holmes, Sullivan and Metcalf: Ind. Eng. Chem., 18 , 386 (1926). 

* J. Phys. Chem., 29 , 326, 369 (1925). 

* J. Chem. Soc., 123 , 2022 (1923). 

® Mukherjee, Krishnamurti, Ghosh, Nutza and Roy: J. Chem. Soc., 128 , 3023 (1926). 

’ MacGavacjc and Patrick: J. Am. Chem. Soc., 42 , 946 (1920). 

*Ber., 44 , 1915 (I 9 i 0 - 
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treated with hydrofluoric acid left no residue. The silica gel thus prepared 
was slowly dehydrated until the water content was reduced to about four 
per cent, after which it was further dehydrated by heating with a blast lamp. 
With experience it became possible to reduce the silica to a condition of con¬ 
stant weight at the same time avoiding prolonged heating which would tend 
to decrease its adsorbing capacity. A quantity of such gel was prepared so 
that uniform samples might be used throughout the work. 

Method of conducting Experiments 

The amount of adsorption was determined as follows. A definite quantity 
of solution, 40 cc., was placed in a glass-stoppered flask previously filled with 
CO2 free air, and an accurately weighed amount of silica, 0.6 to 0.8 gram, was 
added. After four hours of shaking the change in concentration of solution 
was determined by titration, care being taken to eliminate carbon dioxide 
in every titration. The amounts of adsorption, represented by x/m, (expressed 
in miligram-equivalents per gram of silica) in the tables are admittedly not 
strictly accurate in as much as no attempt was made to correct for the ad¬ 
sorption of solvent nor for the volume change due to adsorption of the solute. 
An error was undoubtedly introduced, but it must be very small as the volume 
change was small, and the solutions were so dilute that the adsorption of the 
solvent would not alter the bulk liquid concentration materially. 

Results of Experiments 

Admrption of Bases. The lithium hydroxide solution was prepared from 
lithium sulphate and barium hydroxide according to Harned^s method.^ 
The other bases were of C.P, quality. After treatment with silica as above 
described a portion of the liquid was pipetted off and titrated with brom- 
thymol blue as indicator. All experiments were run in duplicate. The data 
given in Table I are averages of at least four independent determinations. 


* Table I 

Adsorption of Inorganic Bases by Silica 


Base 

Equil. Cone. 

x/m 

Base 

Equil. Cone. 

x/m 

LiOH 

0.0502 N 

I 93 

KOH 

0.0631 N 

1-55 


0.0245 N 

1.58 


0.0345 N 

1.32 


0.0100 N 

1.24 


0.0159 N 

1.06 


0.0040 N 

0.97 


0.0090 N 

0.91 


0.0025 N 

0.85 


0.0049 N 

0.75 

NaOH 

0.0630 N 

1.70 

NH4OH 

0.0760 N 

1.23 


0.0338 N 

1.38 


0.0298 N 

0.85 


0.0199 N 

1.12 


0.0191 N 

0.71 


0.0100 N 

0.90 


0.0112 N 

0.60 


0.0040 N 

0.66 


0.004s N 

0.39 


' J. Am, Chem. Soc., 48 , 127 (1926). 
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The data plotted with x/m and equilibrium concentration values as co¬ 
ordinates are given in the curves in Fig. i. It will be noted that typical 
adsorption isotherms are obtained. This indicates that adsorption or surface 
reactions must predominate. It seems probable that in these systems^'cherni- 
cal reactions” may and probably do occur, but they are limited to the surface 
only. In effect then these reactions are adsorptions of the ‘"heteropolar” 
type which have been discussed by Freundlich and others. With the fairly 
dilute solutions used there appears to be no reason to consider the process 
to be other than one of adsorption. 



Fig. I 

Adsorption of Acids 

Inorganic acids. The hydrochloric acid used was constant boiling acid 
diluted with conductivity water. Nitric acid, sulphuric acid and perchloric 
acid were of C.P. quality. The results obtained with these acids are given in 
Table II. 

Table II 


Adsorption of Inorganic Acids by Silica 


Acid 

Equil. Cone. 

x/m 

Acid 

Equil. Cone. 

x/m 

Hydrochloric 

0.0103 N 

0.000 

Sulfuric 

o.oioi N 

0.000 

Hydrochloric 

0.1052 N 

0.000 

Sulfuric 

0.1000 N 

0.002 

Nitric 

0.0096 N 

0.000 

Perchloric 

0.0084 N 

0.000 

Nitric 

0.0987 N 

0.000 

Perchloric 

0.0913 N 

0.000 


The results show that none of these inorganic acids (i.e. within the range 
of the limits of experimental error) are adsorbed. This is contrary to the 
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results of Mukherjee and co-workers who used a gel containing about 85% 
water. The difference in results may be due to the water content of their gel. 

ORGANIC ACIDS 

All the organic acids used were purified by standard methods. Subse¬ 
quent treatment was as above described. The results obtained with these 
acids are given in Table III. 


Table III 


Adsorption of Organic Acids by Silica 


Acid 

Equil. Cone. 

x/m 

Acid 

Equil. Cone. 

x/m 

Formic 

0.0100 N 

0.009 

Succinic 

0.0100 N 

0.007 

Formic 

0.0994 N 

0.010 

Succinic 

0.0316 N 

0.008 

Acetic 

0.0099 N 

0.006 

Tartaric 

0.0125 N 

0.002 

Acetic 

0.0410 N 

0.006 

Tartaric 

0.0892 N 

0.004 

Propionic 

0.0104 N 

0.007 

Lactic 

0.1038 N 

0.004 

Propionic 

0.0548 N 

0.006 

Oxalic 

o.oioi N 

0.000 

Butyric 

0.0099 N 

0.005 

Oxalic 

0.1064 N 

0.000 

Butyric 

0.0503 N 

0.006 

Benzoic 

0.0103 N 

0.053 




Benzoic 

0.0216 N 

0.053 




Salicylic 

0.0088 N 

0.053 




Salicylic 

0.0165 N 

0,06 


Table Ilia 


Adsorption of Fatty Acids by Silica from Carbontetrachloride 


Equil. Cone. 

x/m in milimole 

Equil. Cone. 

x/m in milimole 


per gram SiOi 


per gram Si02 

Formic Acid 

Propionic Acid 

0.0158 N 

1-35 

0.0135 

1.07 

0.0339 

I- 5 S 

0.0309 

1.22 

0.091I 

1.90 

0.0500 

1.30 

0.2187 

2.29 

0.0890 

1.41 

0.5248 

2.72 

0.2779 

1.70 



0.5010 

1.82 

Acetic Acid 

Butyric Acid 

0.0204 

1.24 

0.0144 

1.03 

0.0347 

1.36 

0.0393 

1.16 

0. 100 

1.66 

0.0740 

1.26 

0.2771 

2.00 

0.162 

1.38 

0,5502 

2.24 

0.251 

1-43 



0.4025 

1-53 
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It will be noted that all the organic acids with the exception of oxalic, 
appear to be slightly adsorbed by the silica. The greatest adsorption was 
obtained with salicylic and benzoic acids. These latter effects are not sur¬ 
prising since these acids are but slightly soluble in water.' 

The fact that acids are so slightly adsorbed by silica from aqueous 
solutions does not imply that acids are not adsorbed by silica. The slight 
adsorption is due to the effect of the solvent used. If, instead of water, some 
organic liquid is used as solvent, quite different results will be obtained. 
Insamuch as a fuller account of work of this type will be given in another 
paper, only one series, the adsorption of fatty acids from carbontetrachloridc, 
is presented here. 

With carbon as adsorbent the adsorption of the fatty acids from aqueous 
solutions increases regularly as we ascend the homologus series. From the 
above data it is noted that the order of adsorption of fatty acids by silica is 
just opposite to that by carbon, i.e. the adsorption of these acids decreases 
as we ascend the homologus series. The order of surface tension lowering 
of the aqueous solutions of these acids is in the order of increasing molecular 
weights. This is the same as the order of interfacial tension lowering of these 
solutions against carbon but opposite to the interfacial tension lowering 
against silica. Apparently there is no relation between the adsorbability 
of these acids with silica and the surface tension lowering of the solution. Fur¬ 
ther, it is evident that Traul>e\s rule as ordinarily stated^ cannot be applied 
to adsorption with silica. This fact has also been noted by Holmes and 
McKelvey.* 


HYDROLYTIC ADSORPTION 

From the work of Bartell and E. J. Miller^ Miller^ and Kolthoff® with ash 
free carbon, it has been shown that carbon, properly prepared, adsorbs acids, 
both organic and inorganic, but does not adsorb inorganic bases. On the 
other hand, silica, freed from impurities, as used in this work, was found to 
adsorb inorganic bases, organic acids slightly, but the inorganic acids not at 
all. Within the range of concentration studied, from o.i N to o.ooi N, the 
Freundlich equation was found to hold for adsorption of bases within the 
limit of experimental error. 

It was observed by Bartell and Miller’ and w^as conclusively proven later 
by Miller* that a large number of neutral salts, inorganic as well as organic, 

^ The results obtained with hydrated silica, containing 4 per cent, water, show^ed that 
the total adsorption with bases was considerably greater tnan with anhydrous silica, with 
organic acids somewhat greater, but in all cases the order of adsorption was the same as 

g iven above. The greater adsorption was probably due to the larger surface area of the 
ydrated silica, as will l)e shown in a later paper. 

* Freundlich: ‘'Colloid and Capillary Chemistry,'’ 195. 

* J. Phys, Chem., 32 , 1522 (1928). 

* J. Am. Chem. 44 , 1866 (1923); 45 , 1106 (1923)* 

‘ J. Phys. Chem., 30 , 1162, 1031 (1926); J. Am. Chem. Soc., 47 , 1270 (1925). 

•Rev. Trav. chim. Pays-Bas, 46 , 549 (1927)- 
^ J. Am. Chem. Soc., 44 , 1866 U922); 45 , 1106 (1923)* 

• J. Am. Chem. Soc., 46 , 1150 (1924). 
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were hydrolytically adsorbed by pure carbon. This follows from the fact 
that carbon adsorbs the acid preferentially and leaves the basic constituent 
in the solution. Since silica adsorbs base preferentially, it might be expected 
that hydrolytic adsorption would likewise occur with this adsorbent with salt 
solutions, the difference between carbon and silica adsorptions being that in 
the latter case, it would be the acid instead of base which would be split off 
and left in solution. This was found to be the case, as is shown by Table IV. 

Table IV 

Hydrolytic Adsorption of Alkali Salts by Pure Silica 


Salt 


o.oiN Acid set 

Salt 

0.0 iN Acid set 

(40 CC. solution) 

free by i gm Si02 


free by i gm Si02 

Na formate 

• osN 

2.64 cc. 

NaCI 2 N 

1.88 cc. 

Na acetate 

.05 N 

4.94 cc. 

NaNO, 2N 

1.84 cc. 

Na propionate 

.05 N 

5.13 cc. 

NaClOs 2N 

1.75 cc. 

Na butyrate 

• osN 

5.20 cc. 

Na 2 S 04 N /4 

0.25 cc. 




KCI 2 N 

1.60 cc. 

Na tartrate 

.05 N 

3.22 cc. 

LiCl 2 N 

2.03 cc. 

Na benzoate 

.05 N 

3.91 cc. 



Na oxalate 

.05 N 

2.20 cc. 



Na salicylate 

.05 N 

1.26 cc. 




Even though inorganic bases are readily adsorbed and the inorganic acids 
are not, their salts are apparently but slightly hydrolysed during the ad¬ 
sorption by silica. In the case of 0.02 N solutions the pH value of the solution 
was in some experiments found to change from 7.0 to 5.2 for the alkali salts 
of strong inorganic acids. The acid thus liberated is in such small quantity 
that it can scarcely be titrated with a base. In the case of solutions of salts 
of the organic acids, the acids of which are adsorbed to a greater extent 
than the inorganic acids, the results at first thought appear to be inconsistent 
for the hydrolysis is comparatively high. With 40 cc. of the 0.05 N solutions 
the acids liberated were in some cases equivalent to about 5 cc. of 0.01 N 
NaOH. The above results do not appear, to be in agreement with those of 
Bartell and Miller with carbon. In their work it was shown that the amount 
of base liberated by carbon was in the same order as the adsorbability of the 
acids with which the cation was combined. This apparent discrepancy, how¬ 
ever, can be explained from the following consideration. Since but a small 
amount of acid was liberated from the inorganic salts, there must have been 
an equilibrium involving adsorption and de-sorption of the base, which greatly 
limited the amount of base which could be held by the silica: Had this not 
been the case the adsorption of the base would have proceeded to such an 
extent that a large amount of free acid would have been left in the solution. 
When acids are liberated, they tend to neutralize the adsorbed bases in a 
manner according to the strength and adsorbability of the acids. The 
stronger the acids the more base on the silica surface will be neutralized by 
them. Since organic acids, as a rule, are weaker than inorganic acids, they 
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are not so effective in the removal of the adsorbed base: hence more hy¬ 
drolysis will occur. In order to test the above assumption, the following 
experiment was carried out. 

After the silica had been treated with NaOH, the solution of base was 
poured off and the silica was rinsed twice with conductivity water; twenty- 
five cc. were used each time. The total amount of base adsorbed was deter¬ 
mined by titrating the solution poured off, including also the rinsing water. 
The amount of water adhering to the silica after rinsing was determined by 
weighing. Since the amount of base adsorbed by the silica was known, the 
quantity of water adhering to the silica surface could be determined. A 
definite volume of different acids (40 cc.) of approximately equal concentra¬ 
tion, was then added to the silica and after four hours of shaking the amount 
of acid neutralized by the adsorbed base was determined. In this manner 
it was found that inorganic acids removed all the adsorbed base while the 
organic acids always left some base on the silica even though the acid present 
was more than necessary to neutralize the base. 

Table V 

Displacement of the Adsorbed NaOH by Different Acids 


Acid (40 cc.) 

.01N NaOH on 

Si02 

Acid taken up 
by Si02 

NaOH left on 
Si02 

Hydrochloric 

29.50 cc. 

29 47 cc. 

0.03 cc. 

Nitric 

29.43 cc. 

29.43 CC. 

0.00 cc. 

Formic 

29.40 cc. 

28.00 cc. 

1.40 cc. 

Acetic 

30.00 cc. 

27.40 cc. 

2.60 CC. 

Propionic 

29.40 cc. 

26.80 cc. 

2.60 CC. 

Butyric 

29.70 cc. 

27.00 cc. 

2.70 CC. 

Benzoic 

29. 12 cc. 

27.40 cc. 

1.72 CC. 

Oxalic 

29.32 cc. 

27.00 cc. 

1.32 CC. 

Salicylic 

29.24 cc. 

28.30 cc. 

1.04 CC. 


From Table V it is seen that the order in which the acids displace the 
base is just the reverse of the order of the increasing hydrolytic adsorption of 
their salts. It is also shown that the stronger the acid the more base it will 
displace. An exception to the last statement is given with salicylic acid 
which, aside from the inorganic acids, displaced the largest amount of base. 
If, however, we consider the adsorbability of the different acids, this apparent 
anomaly disappears, because it was found that salicylic acid is the most 
highly adsorbed acid among those used. 

In his investigation on the adsorption of inorganic salts by carbon, Miller^ 
found the adsorption to be purely hydrolytic in nature. None of the salt 
as such was adsorbed. In this investigation we wished to determine whether 
the adsorption of neutral salts by silica is also purely hydrolytic. In order 
to determine this, titration of the acid set free is alone not sufficient, both 


' J. Am. Chem. Soc., 46 , 1150 (1924). 
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molecular and hydrolytic adsorption might occur simultaneously and not be 
diflferentiated by the titration. It is, therefore, necessary to determine the con¬ 
centration of the cation and of the anion both before and after the adsorption, 
in addition to the determination of the free acid present in the solution. 
If the process be exclusively hydrolytic, the concentration of the cation in 
solution should decrease in proportion to the increase in acidity of the solu¬ 
tion, while the concentration of the anion should remain constant: if, on the 
other hand, the adsorption be both molecular and hydrolytic, no such pro¬ 
portionality would be found. To test this point 40 cc. of solution of KCl 
(approximately i N) were treated with about three grams of pure silica and 
the concentrations of both the cation and anion were determined. The 
potassium was determined by Smith’s perchlorate method^ and the chloride 
was determined with silver nitrate volumetrically. The results obtained 
follow: Before adsorption 

10 cc. of the KCl solution required 21.06 cc. AgNOs (0.50 N) 

20 cc. of solution gave 2.9138 gms. KCIO4 
Solution was neutral. 

After adsorption 

10 cc. of the solution required 21.07 cc. AgNOa 
20 cc. of solution gave 2.9118 gms. KCIO4 
3.30 cc. acid (0.01 N) was set free. 

Altogether four samples were used, and similar results were obtained in each 
case.’ The discrepancy in the different determinations was Well within the 
limits of accuracy of the method. The amount of hydrochloric acid set free 
was equivalent to 0.0045 of KCIO4, while the decrease in potassium de¬ 
termined by the perchlorate method was equivalent to 0.0040 grams KCIO4 
(average of four determinations). The concentration of the cation, K, in 
solution was thus shown to decrease during adsorption by an amount equiva¬ 
lent to the increase in acidity of the solution. The concentration of the Cl 
ion was shown to remain unchanged. The adsorption of KCl by silica was, 
then, completely hydrolytic and no KCl as such was adsorbed. 

INFLUENCE OF SOLVENT ON ADSORPTION 

It is well known that a solvent has a marked influence on adsorption. 
Different theories have been advanced to account for this influence, but none 
of them seem to be sufficiently comprehensive. In developing a general 
theory, one must consider not only the influence of the solvent on the ad¬ 
sorbate, but also its influence on the adsorbent. The first factor is deter¬ 
mined by the solut)ility of the solute and the second factor by the adhesion 
tension of the solvent against the adsorbent. When an adsorbent is added 
to a solution, an equilibrium is soon set up between the adsorbed smd the 
unadsorbed portions of the solute. The amount of the solute that will be 

‘ J. Am. Chem. Soc., 47 , 762, 774,1020 (1925). 
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adsorbed depends first of all on its chemical potential. The relation between 
solubility and chemical potential has been expressed by W. Lash Miller^ as 
follows; 

‘Tf the solution of the substance S be prepared of equal concentrations 
in different solvents, the potential will be greatest for that solution which is 
nearly saturated; or the greater the solubility of S in any solvent the less the 
potential for any given concentration.” The inverse relation between ad¬ 
sorption and solubility has been emphasized by Patrick and Jones who stated 
that “no exception has been found to the generalization that greater adsorp¬ 
tion always follows lower solubility of the solute adsorbed in the solvent.” 
This statement is also supported by our data from which the following two 
examples are chosen. 

Table VI 

Adsorption of Benzoic Acid by Silica 


From carbon tetrachloride From benzene 


Eqiiil cone. 

x/m 

Equil cone. 

x/m 

0.0383 N 

0*75 

0.0400 N 

0371 

0.0766 N 

1.03 

0.0470 N 

0.405 

0.1169 N 

1-34 

0.120 N 

0.57 

0.2529 N 

T.95 

0.196 N 

0.67 


The solubilities of benzoic acid in carbon tetrachloride and in benzene are 
4.18 and 12.43 respectively at 25°. 

The above theory, thermodynamically sound as it is, is not sufficient to 
account for all the facts observed, as for example, Freundlich^ found that 
from different solutions of the same concentration carbon adsorbs the same 
amount of benzoic acid from benzene as from ether, even though the solu¬ 
bilities of the acid in these liquids are 12 and 46 grams respectively. The in¬ 
sufficiency of the solubility relationship is also shown from the familiar fact 
of removing the adsorbed benzoic acid from carbon by washing the solid 
with organic liquids. In this case benzene was found to be more efficient in 
the removal of adsorbed benzoic acid than alcohol even though the latter can 
dissolve much more of the acid than benzene. This anomaly must be ex¬ 
plained by considering the influence of the solvent on the adsorbent. 

If the solvent has a high interfacial tension against the solid, it is then 
possible to cause a marked depression of this tension by adding a solute, 
thereby a high adsorption will occur. The high adsorption from water is 
generally explained in this way. Thus Freundlich® stated: “Water is char¬ 
acterized by a high surface tension and by a high interfacial tension against 
other liquids. We may therefore ascribe to it also a high interfacial tension 
against solids, especially hydrophobic solids. On the other hand, adsorption 
is low from organic liquids such as benzene, alcohol, etc., in the case of which 
we may assume for similar reasons a low interfacial tension against solids.” 

1 J. Phye. Chem., 1, 653 (1897). 

* Z. physik. Chem., 57 , 385 (1907). 

® **Colloid and Capillary Chemistry,” 192. 
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The above generalization does not hold for silica and probably would not 
hold for other hydrophillic solids. Bartell and Osterhof^ have shown in their 
investigation on the adhesion tension of liquids against carbon and silica that 
while organic liquids have, in general, a low interfacial tension against carbon, 
they have a high interfacial tension against silica. Therefore silica should 
adsorb best from organic solvents. For examples, from solutions of the same 
concentration, with water and carbon tetrachloride as solvents, silica was 
found to adsorb 0.05 and 0.32 millimoles of benzoic acid respectively. 

In order to compare the influence of solubility on adsorption, it is im¬ 
portant to use solvents which have the same interfacial tension against the 
adsorbents. Since, as has been shown in this laboratory, benzene and carbon 
tetrachloride have approximately the same adhesion tension against silica, it 
must follow that the interfacial tension against silica must be similar, there¬ 
fore one is justified in comparing results obtained with these two liquids. 
If one wishes to study the relation between adhesion tension of the solvent 
against the solid and the degree of adsorption, it is necessary to use adsorbates 
which have the same solubility in the solvents in question. In general, we 
may say that if the solubility of the adsorbate is the same in different sol¬ 
vents, greater adsorption will occur from solutions the solvent of which has a 
lower adhesion tension against the solid. On the other hand, if the adhesion 
tensions of the solvents are the same, then greater adsorption will occur from 
those solvents in which the adsorbate is less soluble. 

Summary 

1. Hydrolytic adsorption occurs when aqueous salt solutions are treated 
with pure dehydrated silica prepared from silican tetrachloride. The basic 
constituent is preferentially adsorbed from such solutions. In general, bases 
are adsorbed, organic acids are slightly adsorbed and inorganic acids are 
not adsorbed at all. 

2. Inorganic bases are preferentially adsorbed in the order LiOH> 
NaOH > KOH > NH4OH. This order is the same as that for the degree of 
hydration of the cations. The order of adsorption is probably due to the 
strongly hydrophilic nature of the silica. 

3. Organic acids are adsorbed in decreasing amounts in an ascending 
homologous series, i.e.. Formic > Acetic > Propionic > Butyric. This order 
is more pronounced in adsorption from organic solvents. 

4. From solutions of sodium salts of the organic acids hydrolytic ad¬ 
sorption (preferential adsorption of base) occurs in increasing amounts in 
the ascen^ng homologous series, i. e., Na formate <Na acetate <Na pro¬ 
pionate <Na butyrate. 

5. Inasmuch as an equilibrium condition exists between the base ad¬ 
sorbed and the acid in solution, the extent of base adsorption is regulated by 
the acid given to the solution by the hydrolytic adsorption, i.e., by the 


^ Loc. Cit. 
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strength of the acid or hydrogen ion concentrations of the solution. This 
probably accounts for the higher degree of hydrolytic adsorption with salts 
of organic acids than with salts of inoi^anic acids. 

6. The adsorption of inorganic salts such as KCl by silica is completely 
hydrol3diic, that is, no KCl as such is adsorbed, neither is Cl ion nor HCl 
adsorbed. 

7. The degree of adsorption is determined not only by the specific prop¬ 
erties of adsorbent and adsorbate, but is dependent upon the solubility of 
solute in the solvent and upon the solid-liquid interfacial tension relation¬ 
ships. If the solubility of a given adsorbate is the same in a series of different 
solvents, greater adsorption will occur from solutions the solvent of which 
has the lower adhesion tension with the adsorbent. 

Chemical Lahoratory 

University of Michigan 

Ann Arbor, Michigan 



PROPERTIES OF CARBONIZED TUNGSTEN 


BY B. T. BABNE8 

A study of the formation of the carbides of tungsten was published by 
Mrs. Andrews' several years ago. The rate of carbonization and deoarboni- 
zation was discussed in a subsequent paper* by the same author in collabora¬ 
tion with Dr. Dushman. A recent paper by Skaupy* is of interest in that it 
gives x-ray patterns obtained with tungsten, WC, WiC, and what is described 
as a new phase, possibly WjC, obtained at temperatures above 24oo®C. The 
evidence regarding this new phase presented in his paper is not very con¬ 
clusive. 

The present paper deals with the spectral and total emissivity and melting 
point of WsC. No attempt was made to form W3C, and micro-photographs 
of filaments carbonized at temperatures from 1950° to 2i5o°K showed only 
the WsC and WC. The spectral emissivity measurements were made on 
tubular pressed tungsten filaments similar to those used by Worthing with 
the outside diameter of the tube 30 mils and the inside 20 mils. Holes 4 mils 
in diameter allowed black body radiation to come out of the central cavity. 
Pyrometering the holes gave the true temperature and comparing the bright¬ 
ness of the holes with that of the surface gave the spectral emissivity. 

For polished uncarbonized filaments the averages of the spectral emissivity 
values for X.66o/i obtained on ten well-aged filaments were .02 higher than 
obtained by Worthing. This discrepancy may have been due to imperfect 
polishing or to the radiation from the hole not being black body radiation. 
Partial carbonization by heating in acetylene vapor at temperatures from 
1950° to 2 iso°K increased emissivity values for X = .66ofi by .02 on the 
average. This increase may be largely due to roughening of the surface since 
microscopic examination showed that the filaments were considerably more 
pitted after carbonization than before. After polishing one of these car¬ 
bonized filaments its spectral emissivity was .01 to .02 greater than before 
carbonization. 

Averaging spectral emissivity readings for X.472/L1 for seven filaments 
when uncarbonized gave values .01 greater than those obtained by Worthing. 
Carbonizing the surface to W2C increased the emissivity at any given tem¬ 
perature by .03. 

Total radiation measurements were made on four lo-mil. filaments before 
and after carbonization. Two coils of one mil tungsten wire fused on to each 
filament for potential leads eliminated most of the end loss. It was found 
that the total emissivity values obtained at i6oo°K for the uncarbonized 
tungsten agreed fairly well with the values published by Forsythe and Worth- 

* J. Phys. Chem., 27 , 270 (1923). 

* J. Phys. Chem., 29 , 462 (1925). 

> Z. Elektrochemie, 33 , 487 (1927}. 
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ing, but those for temperatures above 22oo°K were usually several percent 
too large. This might possibly be due to conduction by gas given off by the 
bulb walls and leads. After carbonizing the surface to W2C and heating for 
a sufficient length of time to insure that no free carbon remained the total 
emissivity was considerably higher. With 5% of a 10 mil filament converted 
to W2C the increase ranged from .06 at 2ooo°K to .10 at i4oo°K. This initial 
increase in total emissivity is due partly to a roughening of the surface as 
may be seen by comparison of the micro-photographs for a carbonized and 
an uncarbonized filament in Fig. i. There is an additional increase in total 
radiation with increased carbonization which may be attributed in part to 
further roughening of the surface and to the development of cracks in the 
filament surface but is due chiefly to a radial expansion which amounts to as 
much as 15% when the filament has been completely carbonized to W2C. 



Fig, I A Fig, i B 

Surface of uncarbonized tungsten Similar filament after carbonizing, 

filament, etched by heating. X 940. X’940. 

The magnitude of this further change depended somewhat on the heating 
given the filament during carbonization, but the average of the emissivity 
values uncorrected for radial expansion obtained with 50% of the filament 
changed to W2C^ was about .02 higher than with 5%; and for 90% W>C' the 
values ranged from .04 to .05 higher than those with 5% W2C content. 

To obtain corrected emissivity values for W2C the increases produced by 
carbonization were added to the accepted values for tungsten. Since the 
best polished filaments when uncarbonized gave values quite close to those 
published by Forsythe and Worthing this seems a reasonable method of cor¬ 
recting for lack of polish and for any systematic error in matching the pyro¬ 
meter filament with the image of the small hole, in the case of spectral emis¬ 
sivity measurements. The final values obtained in this manner are given in 
Fig, 2. The spectral emissivity is the average for partially carbonized fila¬ 
ments and the total emissivity that obtained when a surface layer comprising 
S% of a 10 mil filament is carbonized to W2C. For more completely carbon¬ 
ized filaments the corrected total emissivity and the spectral emissivity were 
constant within the limits of the measurements. (.01). 

Resistance data obtained on the lo-mil filaments used for total radiation 
measurements were reduced to relative conductances. In Fig. 3 are plotted 
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Fig. 2 

Total emissivity of tungsten (A) and of 
WjC (B). Emissivity for \.66ofi of 
tui^sten (C) and of W2C (D). Emis¬ 
sivity for X.472M of tungsten (E) and 
of W2C (F). 



Fig. 3 
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curves giving the ratio of the conductances of a carbonized filament at true 
temperatures from 1400° to 22oo°K to that of the filament at 2o°C when un¬ 
carbonized. For percentages of W2C greater than 50 the curves are only 
approximately correct, because irregularities of carbonization and cracks 
developing in the filament caused discrepancies in the measurements. Data 
on one filament carbonized beyond the W2C point indicated that the resist¬ 
ance at 2ioo®K is nearly constant, independent of the proportion of the 
filament that has been converted to WC, although the cold resistance of W(^ 
is about one-fifth that of W2C, as Mrs. Andrews has shown. 

Considerable study was made of the 
process of carbonization and decarbon¬ 
ization. Tungsten filaments with large 
crystal grains were partially carbonized 
and cross-sections made to see if the 
carbonization proceeded faster along the 
crystal boundaries. It was found that 
the carbide layer was usually of fairly 
uniform thickness, independent of crystal 
boundaries. Decarbonization is less 
regular. A filament partially decarbon¬ 
ized by heating to a high temperature 
in vacuo has occasional completely de¬ 
carbonized grains scattered through the 
W2C and parallel layers of decarbonized 
tungsten in each W2C crystal, as well 
as a sheath of completely decarbonized 
tungsten on the outside. A cross-section 
of such a filament is shown in Fig. 4. 

A method for determining the melting 
point of W2C was developed from the observation that slightly carbonized 
filaments which had been heated to a high temperature resembled a string of 
. beads because the carbide had melted and collected in drops along the tung¬ 
sten core. A lo-mil filament with a surface layer of W2C was heated till 
the latter melted on a small part of the filament. The temperature was 
lowered and then gradually raised till the region where the W2C had 
melted began to spread. Pyrometer readings were made on the surface 
which had previously melted. Assuming that the surface had the spectral 
emissivity of tungsten, the melting point of W2C* was computed to be 
3ooo®K ±15®. It seems reasonable to suppose that the surface was de¬ 
carbonized somewhat during the heating subsequent to melting the W2C. 
A microphotograph of the filament surface after melting showed that it was 
fairly smooth, hence the characteristic emissivity of the material would be 
unaugmented by surface irregularities. Even if the surface remained W2C, 
using the spectral emissivity obtained by extrapolation of the curve for pol¬ 
ished carbide would reduce the computed melting point by only 10° to 20®. 

* Strictly speaking, probably an eutectic of W2C and tungsten. 
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Filament with sheath of decarbonized 
tungsten around core of W2C crystals 
with decarbonized striae crossing 
them. X 175 - 



THE ADSORPTION OF WATER, ETHYL ALCOHOL, ETHYL 
ACETATE AND ACETIC ACID VAPORS BY TUNGSTIC 
AND ZIRCONIUM OXIDES; ITS BEARING ON 
HETEROGENEOUS CATALYSIS 

J. N, PEARCE AND M. J. RICE 

It has long been known that many oxides act catalytically as dehydrating 
and dehydrogenating agents. The dehydration of alcohol vapor during 
its passage through an earthen tube heated to redness was observed by 
Priestley^ as long ago as 1783. At a slightly later date Deimann^ found that 
alcohol vapor passed over heated alumina and silica is decomposed to ethylene 
and water and a small amount of hydrogen. Under certain conditions ethyl 
ether^ is also formed. Baskerville^ failed to obtain ethyl ether with thoria 
at temperatures even as low as 2 50°, but he did find that the simultaneous 
dehydration of a phenol and an alcohol by thoria at 400® gives a mixed ali¬ 
phatic ether. 

Sabatier and Mailhe® conducted an extended series of experiments using 
various metallic oxides and several vapors, and observed that in many cases 
there is a dehydrogenation as well as dehydration. They report thoria to be 
more active than alumina and state that it behaves exclusively as a dehy¬ 
drating agent. While alumina is an exceedingly strong dehydrating agent 
it also possesses some dehydrogenating power. Kramer and Reid,® however 
have shown that under certain conditions thoria may also act as a dehy¬ 
drogenating agent toward alcohols. They also state that overheating in 
preparation seems to lessen the activity of the thoria. 

Sabatier and Mailhe® have found that the specific catalytic action of 
the oxide is dependent on the temperature of the reaction, since alcohols are 
converted into ethylenic hydrocarbons by Th02, AI2O3, and W2O3 between 
300® and 350®, while ethers are produced at temperatures below 250®. They 
consider that the mechanism of the process involves the formation of a com¬ 
plex intermediate compound, ThO(OCnH2n +1)2. This may either break 
up to give ethylene and water, or, under other conditions, it may react with 
another molecule of alcohol to give an ether, regenerating the metallic oxide. 
Engelder^ has shown that the presence of water vapor or of hydrogen in the 
incoming alcohol vapor also determines the ratio of ethylene and hydrogen 

^ Priestley: Phil. Trans., 73 , 429 (1783). 

^ Deimann: Crell’s Ann., 2, 312, 430 (1795). 

* Grigorieff: J. Russ. Phys. Chem. Soc., 33 , 173 (1901). 

* Baskerville: J. Am. Chem. Soc., 35 , 93 (1913). 

*^Sabatier and Mailhe: Compt. rend., 136 , 738, 921, 983 (1903); 146 , 1376 (1908); 148 , 
1734 (1909); 150 , 823 (1910); 152 , 358, 494 (1911). 

^Kramer and Reid: J. Am. Chem. Soc., 43 , 880 (1921). 

Engelder: J. Phys. Chem., 21, 676 (1917). 
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in the resulting decomposition products. Senderens® obtained ethers by 
passing the vapors of methyl and ethyl alcohols over alumina at temperatures 
between 240® and 260°, and he represents the reaction as merely one of 
dehydration. The higher alcohols, however, give either a low yield of ether, 
or none at all, ethylenic hydrocarbons being the chief products. With W2O3 
only small amounts of methyl and ethyl ethers are formed and no ether is 
obtained with Th02. By heating acids and esters in the presence of these 
oxides he has also obtained ketones. He represents the reaction in this case 
as a dehydration followed by a decomposition; the acid anhydride is first 
formed and this then breaks up to give the ketone and CO2. This idea was 
confirmed by the fact that CO2 and dimethyl ketone are obtained when acetic 
anhydride vapor is passed over AI2O3 at 300°. In another paper Senderens® 
has shown that both aliphatic and aromatic acids yield ketones when heated 
in the presence of Th02, Zr02 and UO2. 

The effect of AUOs, Th02 and Ti02 on ethyl acetate in the neighborhood 
of 400® is summarized by Sabatier^® in the following manner: 

2 C:H8COOC2Hb (AI2O3) = (CH3)2C0 + 2 C2H4 + CO2 + H2O, 

2 CHsCOOCjHb (Th02) = (CH3)2C0 + C2H4 + CO2 + C2HBOH, and 
CH3COOC2HB (TiOa) = CH3COOH + C2H4. 

An extended investigation of the activity of oxide catalysts at tempera¬ 
tures between 300® and 400® by Sabatier and Mailhe^^ shows that a majority 
of oxides promote two reactions simultaneously, one the process of dehydra¬ 
tion, the other the process of dehydrogenation. The analysis of the gaseous 
products obtained in pavssing the vapor of ethyl alcohol over various oxides 
at 340® to 350® showed that with certain oxide catalysts ethylene only is 
produced. In general, however, the effluent gas is a mixture of ethylene 
and hydrogen in varying proportions depending on the catalyst employed. 
They have tabulated the different metallic oxides in the order of decreasing 
power of dehydrating alcohol, thus: 


Oxide 

%C,H4 

%Ht 

Oxide 



ThO* 

100.00 

Trace 

UsOs 

24 0 

76.00 

AUOj 

98.50 

1-5 

M02O3 

23.0 

77.0 

W2O, 

98 s 

1-5 

FeaO, 

14.0 

86.0 

CraOj 

91.0 

9.0 

V2O3 

9.0 

91.0 

SiOs 

84.0 

16.0 

ZnO 

5-0 

95-0 

TiOa 

63.0 

370 

MnO 

0.0 

100.0 

BeO 

450 

55-0 

SnO 

0.0 

100.0 

ZrOa 

45-0 

SS-o 

CdO 

0.0 

100.0 


^Senderens: Bull., (4), 5 , aSo (^09); Compt. rend., 140 , 995 (1905); 148 , 227, 927 
(1909); 150 , III (1910); Ann. Chim. Phys., (8) 28 , 243, 322 (191^)- 
® Senderens: Compt. rend., 150 , 702 (1910). 

Sabatier: “La Catalyse en Chimie organique,” p. 341 (1920). 

Sabatier and MaiUie: Ann. Chim. Phys., (8), 20, 341 (1910). 
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These data show that Th02 behaves almost exclusively as a dehydrating 
catalyst under the given conditions; its power as a dehydrogenating agent 
is practically nil. Alumina and tungstic oxides are only slightly less active 
dehydrating agents. The oxides of tin, manganese and cadmium are ex¬ 
clusively dehydrogenating catalysts, their dehydrating power is entirely sup¬ 
pressed. Between the two extremes the dehydrating and dehydrogenating 
powers of the metallic oxides vary rapidly. In general, the greater the 
dehydrating activity of a metallic oxide, the smaller is its dehydrogenating 
activity toward alcohol. 

Adkins and Krause^® state that the reaction induced by an oxide catalyst 
is influenced by the method of preparation and is not dependent merely on 
the metallic element present. They disagree with the intermediate com¬ 
pound theory of Sabatier and Mailhe.® In a later paper^® Adkins suggests 
that the eflSciency of the oxide depends on the character of the surface pre¬ 
sented to the vapors, and in so doing he apparently accepts the view presented 
by Briggs.^^ The latter considers that the activation of charcoal for the 
adsorption of gases is dependent upon interstices of molecular dimensions 
formed by the elimination of carbon atoms from the carbon molecule or 
space lattice. The larger, microscopically visible pores or capillaries have 
apparently little to do with adsorption. Starting with this idea, Adkins'® 
has advanced an hypothesis which considers that the catalytic activity of 
alumina is conditioned by its molecular porosity, or the distance between the 
aluminum atoms, and that this part is determined by the size, shape and 
position of the radicals attached to the aluminum atom when the aluminum 
compound passes into the solid state of the catalyst. To this end he pre¬ 
pared aluminum oxide by heating aluminum hydroxide and aluminum ethy¬ 
late. Since the size of the molecules eliminated in the lat^r case is larger, 
the porosity should be greater. In turn, the adsorption capacity of the oxide 
formed from the aluminum ethylate should be correspondingly greater. All 
of the experimental evidence obtained by Adkins with aluminum catalysts, 
prepared in various ways, was found to be in complete harmony with this 
hypothesis. He was able to activate alumina preferentially, either for 
dehydration or for decarboxylation, by modifying the mode of preparation. 
In terms of his hypothesis he states that decarboxylation is favored by large 
molecular pores in alumina and that ethylene formation is favored by small 
pores. 

This idea is also supported by Pease and Yung.^® They find that alumina 
dehydrates alcohol at 300® to 400° to give pure ethylene, while ether is pro¬ 
duced if the reaction is carried out at 240® to 250®. They also state that the 
size of the pores determines whether ethylene or ether is produced, large 
pores favoring the formation of ether, small pores favoring ethylene formation. 

Adkins and Krause: J. Am. Chem. Soc., 44 , 385 (1922). 

Adkins: J. Am. Chem. Soc., 44 , 2175 (1922). 

Briggs: Proc. Roy. Soc., lOOA, 88 (1921). 

“ Pease and Yung: J. Am. Chem. Soc., 46 , 390 (1924). 
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However, since water is eliminated in either case, this cannot be a wholly 
satisfactory view. 

In discussing the mechanism of catalysis by alumina, Boswell and Bay- 
ley,^® and Boswell and Dilworth*^ have suggested the presence of a stable film 
of dissociated water in the form of charged H+ and OH~'. They claim that 
the great stability of this film is indicated by the fact that it still persists 
after heating for 20 hours at 500° followed by two days heating over a Meeker 
burner. Further, that the stability of this film indicates that the H+ and OH~ 
are arranged in alternate rows and completely envelope each oxide particle. 
Upon studying the reaction between C2H6OH and AI2O3 these authors con¬ 
clude that the reaction is most satisfactorily represented thus: 

H+ H+ 

., .. OH“ HCH2 ., ^ OH- , p, u I XT A 
AhOs.jj^ + -^1203.+ C2H4 + H2O. 

OH- OH- 

It is evident that if this represents the true mechanism of the dehydration 
of ethyl alcohol by alumina, then we must likewise assume that all oxides 
which cause the dehydration of alcohol must be covered with a similar film 
of H+ and OH-. The difficulty in applying such a scheme comes when we 
consider that most of these oxides show also some dehydrogenating activity. 

Langmuir^® has shown that the tendency of a gas or vapor to be adsorbed 
on the surface of a solid is determined by the rate of evaporation from the 
surface. Further that this rate depends upon the magnitude of the forces 
acting between the atoms of the crystal and those of the adsorbed substance. 
According to him, these forces are of the same nature as those which hold 
solid bodies together, and we may look upon them as chemical forces. Ad¬ 
sorption is thus due to the unsaturated force fields at the surface of the solid. 
Selective and irreversible adsorption are due to primary valence forces. The 
weaker and less specific secondary adsorptions are due to secondary valence 
forces. From certain assumptions based on his own data, Benton^® has devised 
a method of calculating the relative magnitudes of primary and secondary 
adsorption. He finds that there is no relation between the total adsorption 
on the surface of an adsorbent and its catalytic activity; on the other hand, 
the magnitude of the primary adsorptions calculated are in the same order 
as the catalytic activities of the substances. 

In a recent paper Taylor^® has advanced a theory of adsorption to explain 
the catal3rtic activity of solids. While he assumes with Langmuir an un¬ 
balanced force at the surface of a solid, he develops the idea of this force in a 
somewhat different way. According to Taylor, the atoms on a plane surface 
of a solid are saturated in three dimensions by neighboring atoms. There is 

Boswell and Bayley; J. Phys. Chem., 29 , 679 (1925). 

Boswell amd Dilworth: J. Phys. Chem., 29 , 1489 (1925). 

Langmuir; J. Am. Chem. Soc., 38 , 2267 (1916). 

” Benton: J. Am. Chem. Soc., 45 , 887 (1923). 

Taylor: J. Phys. Chem., 30 , 145 (1926). 
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left, however, one degree of unsaturation directed toward the gaseous phase. 
It follows then that atoms which lie on the edge of a solid will have two de¬ 
grees of unsaturation; those on a corner will have three degrees of unsaturation 
directed toward the gaseous phase. The attractive forces exerted by the 
atoms of the adsorbent upon the impinging molecules will, therefore, be 
greatest at the corners and least on the plane surfaces. Thus, points are con¬ 
sidered as representing places of preferential adsorption. 

That these oxides may possess an extensive capillary structure is also 
without question. We should expect, therefore, a wide variation in their 
adsorption power depending not only upon the shape, the diameter and the 
depth of the capillaries, but also upon the shape and volume of the adsorbed 
molecules. The possibility that both surface and capillary forces are active 
only adds to the complexity of the adsorption process. 

In order to obtain some insight into the possible mechanism of ester 
catalysis by metallic oxides, Pearce and Alvarado^^ have measured the ad¬ 
sorption of water, ethyl alcohol, acetic acid and ethyl acetate vapors by 
thoria and alumina at 99.4®. They find that if we consider the adsorption 
of vapor by a unit mass of adsorbent, X/m, the results obtained show that 
alumina is a better adsorbent for water vapor, ethyl alcohol and ethyl acetate 
than is thoria. Whereas, on the basis of vapor adsorbed by i cc. of the oxide, 
X/V, thoria appears to be the better adsorbent for water vapor at all pressures, 
and for ethyl alcohol at low pressures. At all pressures the hcetic and ethyl 
acetate vapors are more highly adsorbed by the aluminum oxide. If the 
adsorption magnitudes are calculated on the basis of equal volumes of the 
oxide adsorbents, the order of magnitude for the adsorption of water vapor, 
and for ethyl alcohol at low pressures, is the same as the order of decreasing 
dehydrating power of the oxides for alcohol. The magnitude of the adsorption 
of the vapors was found to vary with the nature of the vapor; it is greatest 
for water vapor and least for ethyl acetate, with alcohol occupying an inter¬ 
mediate position. The adsorption of acetic acid vapor seems to vary more 
specifically both with the nature of the oxide and with its degree of hydration. 

In the present work we have continued the study of the adsorption of 
these vapors by the oxides of tungsten and zirconium. 

Materials 

Tungstic Oxide. —A large sample of the C.P. tungstic acid was dissolved 
in ammonium hydroxide; the solution was boiled to expel the free ammonia, 
and sufficient nitric acid was added to precipitate the oxide, WOa. The pre¬ 
cipitate was washed by decantation until the wash water showed no traces 
of nitrates, then filtered through hardened filter and thoroughly washed. The 
oxide was then dried for 24 hours at 130® and pulverized to pass through a 
200-mesh sieve. After a second heating at 250® for 24 hours it was trans¬ 
ferred to a glass-stoppered bottle and stored in a desiccator over PgOs. 

Pearce and Alvarado: J. Phys. Chem., 29 , 256 (1925). 
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Zirconium Oxide ,—The C.P. zirconium nitrate was dissolved in water and 
precipitated by ammonia. The subsequent treatment was the same as that 
used in preparing the tungstic oxide. 

The method followed in purifying the solvents was the same as that em¬ 
ployed in the previous paper.^^ 

In order to determine the volume occupied by the adsorbent it was 
necessary to know the density of each oxide. A sample of the oxide was 
evacuated to less thano.oooi mm. at 500® in a bulb provided with a drawn-out 
capillary. After evacuation the tube was sealed and the bulb weighed. The 
seal was broken under pure benzene, where it was allowed to remain for a 
time to allow for the drift; the level of the liquid was brought to a given mark 
at 25° and the bulb was again weighed. The density values obtained for the 
Zr02 were 5.489, 5.480 and 5.482, the mean being 5.484. For WO3 the re¬ 
sults were 6.924, 6.926 and 6.923, the mean being 6.294. 

Apparatus and Manipulation 

The apparatus used was similar to that used by Coolidge^^ in his study 
of the adsorption of vapors by charcoal. It was entirely of Pyrex, and with¬ 
out ground joints, stop-cocks or rubber connections. All of the parts used 
for measuring the gas volumes were accurately calibrated. With the exception 
of the vessel holding the liquid source, the whole apparatus was mounted in 
a large double-walled thermostat. This was electrically heated and elec¬ 
trically controlled at 70° ± 0.05 throughout the whole series of measurements. 
1 he temperature of the oxide bulb was kept constant by immersion in a flask 
containing boiling water. Hence the temperature was subject only to changes 
due to fluctuations in barometric pressure. The whole apparatus was evacu¬ 
ated by means of a Hyvac pump in series with a mercury vapor condensation 
pump. The vacuum obtained was read from a McLeod gauge. 

In every case a sample of the oxide was weighed by removing the adsorption 
bulb, weighing empty, and then with the oxide present.. After the bulb was 
replaced, the oxide was evacuated at 500° and the evacuation was continued 
until the gauge indicated a pressure of less than 0.00005 mm. The apparatus 
was then sealed and allowed to stand for 24 hours. If no appreciable pressure 
developed, the experiment was begun. The exact weight of the dry oxide was 
determined by subjecting a sample of equal weight to exactly the same heat 
treatment. All volumes were corrected for dead space, and were reduced to 
o®, latitude 45° and sea level. 

Results 

Since adsorption is a surface phenomenon, it is quite obvious that for a 
given uniform solid adsorbent, the total magnitude of the unsaturated surface 
forces, as well as the capillary effects, will be directly proportional to the 
extent of surface. If it were possible for two different adsorbents to possess 
identically the same number of unsaturated surface forces per unit area of 


** Coolidge: J. Am. Chem. Soc., 46 , 596 (1924). 
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surface, the two adsorbents could approximate equal adsorption capacities, 
per gram of solid adsorbent, only when they expose equal surfaces. Or, on 
the other hand, if the surface topographies of the oxides were in every way 
identical, we might consider the adsorption of a given gas or vapor as a 
measure of the relative magnitudes of these unbalanced surface forces. It is 
evident that all such assumptions as these are entirely out of the question 
when we consider the oxides used in this paper. The densities of the oxides 
used thus far were AUOt, 2.86; ZrOj, 5.48; ThO*, 6.82; WOs, 6.92. The cor¬ 
responding specific volumes of the gas-free oxides were 0.349, 0.182, 0.147 
and O.I4S cc. respectively. The adsorbents were all prepared in the same 



general way; in the final step all were pulverized to pass through the same 
mesh sieve. Assuming that the oxide particles are round and that they have 
the same diameter and surface topography, which is undoubtedly not true, 
the surface exposed by one cc. of the various oxides should be approximately 
the same. The surface exposed by one gram of the oxides should, on the 
other hand, decrease rapidly in the order of increasing density. In the study 
of the adsorption of gases and vapors by solid adsorbents it has been the 
custom, generally, to consider the volume of vapor in cc. (N.T.P.) adsorbed 
by I g. of adsorbent. For the reasons given above we believe that adsorption 
relations are much better expressed when the magnitudes are expressed in 
volumes of vapor adsorbed by 1 cc. of the solid oxide. 

At least two independent series of adsorption data were obtained for 
each vapor on each oxide. The pressure-concentration data obtained were 
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plotted on a large scale and a smooth isotherm was drawn through each set 
of points. 

In the discussion which follows, X and V represent the volume of vapor 
in cc. (N.T.P.) adsorbed by i g. and by i cc. of the oxide, respectively. The 
relative adsorptive powers of ZrOj and WOj for the four vapors are clearly 
indicated in Figs. i to 4; the corresponding isotherms for the same vapors 
with ThO* and Al20j“ are included for comparison. In considering adsorption 
as a possible explanation of heterogeneous catalysis, we are for the present 
more particularly interested in the relative adsorption of each of the four 

vapors by each of the four different oxides. 
These relations are best shown in Figs. 
5 to 8. 

Considering the volume of vapor ad¬ 
sorbed by I cc. of oxide. Fig. i, ThOj has 
the greatest adsorption capacity for 
water vapor, and this capacity decreases 
in the order, ThOj, AI2O3, WOs, Zr02. 
Except for WO3, this is exactly the order 
of the dehydrating power of these oxides 
toward alcohol.^ While we have used 
the oxide WO3 it falls into the same 
relative position below AI2O3 as that given 
by Sabatier and Mailhe for W2O3. The 
adsorption power of the first three oxides 
for water vapor increases rapidly with the pressure; that of ZK)2 increases 
very slowly for pressures above 30 mm. When considered on the basis of cc. 
of vapor adsorbed by i gram of oxide, X, the same order obtains only for 
pressures below 15 mm. Above this pressure the adsorptive power of Th02 
falls below that of AI2O3. 

Up to about 2$ mm. Th02 shows the greatest adsorption capacity for 
ethyl alcohol vapor per i cc. of oxide. Fig. 2. The order of decreasing ca¬ 
pacity being Th02, Zr02, WO3, AI2O3. For pressures above 75 mm. the 
adsorptive capacity of Th02 falls below that of AI2O3. Above 75 mm. the 
order of decreasing adsorption is Zr02, WOs, AlsOs. This is exactly the re¬ 
verse of the order of the dehydrating effect of these oxides on ethyl alcohol. 

Except for pressures below about 25 mm.. Fig. 3, where the adsorption 
capacity of ThOs is greater than that of AlsOs, the adsorption of ethyl acetate 
vapor by i cc. of oxide decreases in the order, Zr02, WO3, AUOs, ThOs. The 
order is exactly the same as that observed for alcohol vapor at high pressures, 
and is exactly the reverse of that of the dehydrating power of the oxides. 

For pressures less than 10 mm.. Fig. 4, the adsorption of acetic acid vapor 
in decreasing order is Zr02, WOs, ThOs, AlsOs. At about this pressure the 
adsorptive capacity of AI2O3 begins to exceed that of Th02; at about 37 
mm. it rises above that of WOs. On the basis of 1 gram of oxide AI2O8 is 
at all pressures the best adsorbent for acetic acid vapor. This is then followed 
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by ZrOi, WOa and ThO* in the order named. The pronounced acid property 
of the acetic acid may exert a more or less specific influence, depending on 
the nature of the adsorbing oxide. 

The relations shown in Figs. 5 to 8 appear to show definitely that in the 
heterogeneous esterification process the adsorption of one or both of the 
reactants, and possibly of one of the products,—^the ester, may be involved. 
At low pressures the ester and acetic acid vapors are more highly adsorbed by 
W 0 « and ZrOi than are water vapor and alcohol. With both of these oxides, 
however, the amount of alcohol adsorbed by i cc. of oxide increases rapidly 
with the pressure. 

At a given temperature and pressure each oxide will possess a character¬ 
istic specific adsorption for each of the four vapors. Unless a vapor is irre¬ 
versibly adsorbed it may, according to the Mass Law, be displaced by in¬ 
creasing the concentration, or the partial pressure of a second vapor. The 
relative displacing powers of the different vapors on a given oxide at a given 
pressure are to a considerable degree at least indicated by the P-V isotherms 
of Figs, s to 8. Unless the surface of an oxide possesses different types of 
elementary spaces, each type capable of adsorbing molecules of one vapor to 
the exclusion of molecules of the other three, the water vapor will be most 
preferentially adsorbed by Th02 and to a slightly less extent by AI2O3. Since 
the alcohol at the same pressure is also highly adsorbed, the presence of both 
the alcohol and vrater vapors would practically exclude the simultaneous 
adsorption of acetic acid vapor, and therewith one of the essential reactants 
of the esterification process. Indeed, if the pressure of the water vapor is so 
large that the rate of evaporation is less than the rate of condensation, then 
it is possible for the surface of the catalyst to become so covered with water 
molecules that even the alcohol would no longer be adsorbed. If such were 
the case, the dehydration of the alcohol by these oxides would be at most 
only minimal in quantity. This statement is borne out by the work of En- 
gelder. He found that by increasing the proportion of water vapor in the 
alcohol passed over Ti02 the dehydration of alcohol to ethylene is decreased 
to a marked degree. 

In their previous paper, Pearce and Alvarado*^ were inclined to favor the 
view that in the dehydration of alcohol by Th02 and A1203, the initial step 
in the process is the formation of the highly adsorbed water vapor and ethyli- 
dene. The ethylidene then rearranges to form ethylene. We have found 
nothing since that would lead us to modify that view. Both Th02 and AI2O3 
are dominantly dehydrating catalysts; they exhibit but little tendency to 
catalyze the esterification of the aliphatic acids and alcohols. 

Nothing has been observed in the literature relative to the esterifying 
property of Zr02. It lies just below Ti02 in the list of Sabatier and Mailhe. 
They have found that Ti02 rapidly catalyzes the esterification process at 
280° to 300® with the production of high concentrations of the ester. Whether 
or not Ti02 is the best oxide catalyst for this reaction is stUl a question. With 
rise in temperature! the adsorption of the four vapors by any oxide will de- 
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crease, and obviously at different rates. The amount of each vapor adsorbed 
under a given pressure at the optimum temperature, say 280®, will be less than 
at the temperature at which we have made our experiments. The adsorption 
capacity of ZrOj for water vapor should be relatively very much less than its 
capacity for adsorbing acetic acid and alcohol. The inhibiting power of the 
water vapor is thus decreased and the reaction proceeds with greater velocity. 
On the basis of these considerations we may not be far amiss in assuming 
that the esterif3dng power of ZrOz is of the same order as, or possibly greater 
than, that of Ti02. 

If we may be allowed to speculate as to the mechanism of esterification, 
using such catalysts as Ti02 and Zr02, it would seem from the results shown 
that the initial step consists in the adsorption of both alcohol and acetic acid 
vapors. Under the conditions of temperature and pressure a stress is pro¬ 
duced which weakens the primary valences of the molecules, and metathesis 
ensues with the formation of the ester and the water vapor. The less strongly 
adsorbed water is vaporized and the ester is displaced by the adsorption of 
more acid and alcohol. 


Summary 

1. The adsorption of water, ethyl alcohol, acetic acid and ethyl acetate 
vapors by tungsten and zirconium oxides has been studied at 9Q.4®. The 
results obtained have been compared with those of a similar study of the 
adsorption of the same vapors by thoria and alumina. 

2. For unit volume of adsorbent the adsorption capacities for water vapor 
decreases in the order Th02, AUOa, WO3, Zr02. This is also the order also 
of the dehydrating power of these oxides toward alcohol. The order of ad¬ 
sorption for ethyl acetate is exactly the reverse of that for water vapor. 

3. The results confirm the view that in the catalytic process both the 
alcohol and acetic acid vapors must be adsorbed simultaneously. Further, 
that the catalytic effect increases as the power of the oxide to adsorb water 
decreases. 

Physical Chemistry Laboratoryy 
The State University of lowa^ 

AiLffust, 1928, 



CRITICAL SOLUTION-TEMPERATURE PHENOMENA IN THE 
TERNARY SYSTEM PHENOL-THYMOL-WATER 

BY KATHLEEN W. WILCOX AND C. R. BAILEY 

Thymol and phenol are chemically similar and easily miscible; the over¬ 
loading of the nucleus in the case of thymol brings a correspondingly low 
solubility in water, while both substances are capable of forming two liquid 
layers with this solvent. As a consequence of these conditions, the solubility 
relationships in the ternary system containing these three components are 
complicated and of considerable interest, and curves have been obtained 
which illustrate the interplay of these opposing characteristics. 

Materials, (i) Phenol. Detached crystals of absolute phenol were twice 
distilled and the initial and end fractions rejected. The melting point of the 
product was 40.8® (uncorrected). This value compares well with the best 
recent determinations:— 40.92° (corr.) by Hill and Malisoff^; 40.85° by 
Leroux;^ and 40.8° by Hulett,® Rhodes and Markley,^ and Ferguson.® 

(ii) Thymol. After crystallisation from acetic acid and drying in a 
vacuum over caustic soda, the melting point obtained was 50.0°. 

The Binaxy Systems 

(1) Phenol-Water. A short discussion of the equilibrium phenomena in 
this system has been given by one of the authors;® the data of importance to 
the present work are as follows:—m.p. of phenol, 40.8°; critical solution tem¬ 
perature (36.5 per cent, phenol), 65.3°. 

(2) Phenol-Thymol. The system has been examined by Paterno and 
Ampola.^ It was not re-investigated as the results in the above paper show 
the presence of a simple eutectic at 7.5° and 51.8 per cent, phenol, and we are 
not primarily concerned here with solid-liquid equilibria. 

(3) Thymol-Water. The solubility of thymol in water is given by Sei¬ 
dell,® from 10° to 40° as varying from 0.067 0.141 grams per 100 grams 

solution. As the system does not appear to have been more extensively 
examined, we determined the complete equilibria, partly by thermal analysis 
and partly (for co-existing liquids) by the synthetic method in which the 
critical saturation temperatures are observed for a number of mixtures in 

‘ J. Am. Chem. Soc., 48 , 918 (1926). 

*Compt. rend., 163 , 361 (1916). 

* Z. phyeik. Chem., 28 , 663 (1899). 

* J. Phys. Chem., 25 , 527 (1921). 

* J. Phys, Chem., 31 , 757 (1927). 

«Bailey: J. Chem. Soc., 127 , 1951 (1925). 

^Gazz., 27 , 481 (1897). 

® Am. Chem. J., 48 , 453 (1912). 
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sealed tubes. The results are condensed in Table I and the equilibria illus* 
trated by a curve in Fig. i; the conditions in the neighbourhood of the melting 
point of ice cannot be defined on the scale used. The temperatures recorded 

for the liquid-liquid equilibria are not 
those of the initial appearance of critical 
opalescence; the temperature of sudden 
increase in turbidity which accompanies 
the separation into two phases is definite 
and reproducible, and gives results in 
accordance with the quantitative analysis 
of the separated phases: the beginning 
of critical opalescence takes place at a 
considerably higher temperature in many 
cases, and although a series of isotherms 
can be constructed with such data, they 
do not accurately represent the phase 
changes (Bailey: l.c.). It was not possible 
to observe the critical solution temper¬ 
ature for this system as the critical tem- 
^^itAMSTH-moL/^eiTAMSMixTuiie^ perature for the vapous-liquid equilibria 
Fiq, , was reached before complete miscibility 

The Binary System: XhsTnol-Water. was obtained. 

Table I 


Point 

% Thymol by 

Temp. 



weight 


A 

100.0 

50.0® 

M.p. of pure thymol 

B 

9 S -4 

40.0 


C 

C' 

70.2 

20.1 

270 ) 

270 / 

Critical temperature 

D 

0.1 

40.0 


E 

0.04 

—0.05 

Eutectic 

F 

0.0 

0.0 

M.p. of ice 


The form of the curve AB is characteristic in that it is concave upwards, 
and denotes the imminent formation of two liquid layers. 

The Ternary System 

Examination was restricted to the liquid-liquid equilibria which were 
investigated by tbie synthetic method; standard mixtures of two components 
were made up and introduced into glass tubes, a known percentage of the 
third component added, and the tubes sealed. By this means a number of 
curves for constant relative proportions of the two components were obtained, 
and in the triangular diagram all such points for any one proportion lie on the 
straight line joining the opposite vertex to the point of initial composition 
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on the binary axis; it is hence an easy matter to transfer observations made 
at var3dng temperatures to the isotherms. Tables II-V give a selection from 
the available data. 

Table II 


No. 

% Thymol % Phenol 

Temp. 250® (corr.) 
% Water No. 

% Thymol 

% Phenol 

% Water 

I. 

71S 

— 

28.5 

5 - 

20.1 

15-9 

64.0 

2. 

673 

6.7 

26.0 

6. 

8.9 

4*9 

86.2 

3 - 

55-0 

14.S 

30-5 

7 - 

19.0 

— 

8i .0 

4 « 

No. 

40.0 

% Thymol 

19-3 

% Phenol 

40.7 

Table III 
Temp. 200® (corr.) 
% Water No. 

% Thymol 

% Phenol 

% Water 

I . 

10.0 

— 

90.0 

S- 

75.8 

8.1 

16.1 

2. 

4.0 

4.8 

91.2 

6. 

87.0 

I.O 

12.0 

3 - 

9.1 

18.0 

72.9 

7 - 

75-1 

— 

24.9 

4 - 

No. 

18.2 26.1 

% Thymol % Phenol 

SS -7 

Table IV 
Temp. 6s® (corr.) 
% Water No. 

% Thymol 

% Phenol 

% Water 

I . 

0.1 

— 

99.9 

9. 

6.0 

61.0 

330 

2. 

0.1 

10.9 

89.0 

10. 

18.5 

59-5 

22.0 

3 - 

0.1 

19.8 

80. I 

II . 

47.0 

41.0 

12.0 

4. 

— 

32.2 

67.8 

12 . 

550 

34.5 

10-5 

5 - 

— 

42.0 

58.0 

13 - 

73.1 

19.4 

7.5 

6. 

0.8 

49.2 

50.0 

14. 

93 0 

2.4 

4.6 

7 - 

0-5 

50-2 

49-3 

IS- 

94.5 

o-S 

5-0 

8. 

3*3 

59-2 

37-5 

16. 

95-0 

— 

50 

No. 

% Thymol % Phenol 

% Water 

Table V 

Temp. 15®. 

No. % Thymol 

% Phenol 

% Water 

I . 

— 

731 

26.9 

s- 

80.3 

15-9 

3-9 

2. 

I.O 

70.0 

29.0 

6. 

94.0 

2.3 

3-7 

3 - 

2.0 

71.0 

27.0 

7 - 

95-2 

0.6 

4-2 

4. 

9-5 

70.2 

20.3 

8. 

95-6 

— 

4.4 


The isotherms are given in Fig. 2, together with the “constant relative 
proportion lines” from which they are obtained; it will be seen that in order 
to avoid crowding, certain of the curves have been left uncompleted: this is 
necessarily the case with temperatures below 65®, as the solubility of thymol 
in the water-rich mixtures does not rise above 0.1 per cent. It must also be 
remembered that ternary mixtures containing more than 40.0 per cent, 
of thymol are generally metastable and would deposit solid thymol if seeded. 

The curves obtained are of considerable interest: in that they show 
markedly the transition from one form of binodal curve to another. We have, 
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for example, at 250° a critical saturation curve which is typical for the addition 
of a third substance soluble in one only of a pair of partially miscible Uquids, 
the effect of such additions being to raise the saturation temperature; at 
120° the curve has changed to a t}rpe characteristic of the addition of a 
substance soluble to a considerable extent in both liquids. Accordingly at 
high temperatures, phenol reduces the solubility of thymol in water, but at 
low temperature increases it. 65° is just below the critical solubility tem¬ 



perature for phenol-water and another set of phenomena make their appear¬ 
ance, resulting in the intersection of two distinct binodal curves, as at 15®. 
We have again a pronounced change in the solubility relationships of the 
partially miscible liquids, since at low temperatures thymol increases the 
solubility of water in phenol through a small range; at higher concentrations 
or temperatures it reduces it. The heterogeneous field at room temperature 
is of wide extent, but nevertheless one can elicit from an inspection of the 
isotherms the striking fact that a mixture of equal parts by weight of water 
and thymol can be rendered homogeneous by the addition of rather less than 
twice its own weight of phenol. 

The authors wish to express their gratitude to the Research Fund Com¬ 
mittee of the Chemical Society for a grant which has covered the cost of 
materials used. 

The Sir William Rameay LaborcUories 
Inorganic and Physical Chemistry, 

University College, London. 

December 19,1998, 



THE AQUEOUS SOLUTION OF CUPRIC AND FERROUS SULPHATES 

BY F. K. CAMERON AND H. D. CROCKFORD 

Introduction. According to Etard* a brick-red salt crystallizes from an 
aqueous solution of ferrous sulphate and cupric sulphate, the composition 
being represented by the formula, SO4Cu.SO4Fe.2HjO. At a high enough 
temperature it loses all its water and becomes violet, though preserving its 
crystalline form. Neither salt is oxidized by fuming nitric acid, even at 
ebullition. We have not been able to confirm any of these observations. 

Mixed salts of ferric sulphate and cupric sulphate containing also various 
proportions of sulphuric acid and water have been described often. But 
there seems to be little information regarding the solids stable in contact 
with solutions of ferrous sulphate and cupric sulphate. It it commonly stated 
that they form mixed crystals, as do all the vitriols. 

The Materials used were C. P. grades of J. T. Baker Co. chemicals and the 
regular drug store Nujol. 

Methods of Analysis, Our first analyses of copper were by a volumetric 
method. Our results seemed to be running consistently high, so the method 
was abandoned and the copper precipitated electrolytically on platinum. The 
iron in solution was oxidized by heating to boiling with nitric acid, and 
removed by precipitating with ammonia, filtering, and weighed after heating 
the residue in a muffle to red heat for several hours. Sulphates were weighed 
as the barium salt, and chlorine was weighed as the silver salt. It was found 
desirable to remove iron before determining copper; and it was, of course, 
necessary to remove all copper before incinerating the iron precipitates. The 
procedure followed when both bases were present was to heat the solution 
to boiling, add a little hydrochloric acid, and then somewhat more barium 
chloride than necessary to insure complete precipitation of sulphates; filter, 
and wash with a hot solution of hydrochloric acid, and then with hot water; 
to the filtrate and washings again brought to boiling, a slight excess of sul¬ 
phuric acid was added, and the excess of barium precipitated was removed 
by filtration and discarded. The filtrate was then brought to a vigorous 
boiling, a little nitric acid added, and boiling continued for 5-10 minutes. 
On cooling somewhat, concentrated ammonia water in excess was added 
with continuous stirring. The precipitated oxide of iron was washed on a 
filter alternately with concentrated ammonia solution and hot distilled 
water, until no trace of copper could be recognized in the washings. The 
filtrate and washings were evaporated to a small volume, thus gettii^ rid 
of the excess of ammonia, acidified with sulphuric acid, and the copper pre¬ 
cipitated electrolytically. Resolution and reprecipitation guarded against 
mechanical inclusions. 


‘ Compt. rend., 87 ,602 (1878). 
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Cupric Sulphate, Sulphuric Add, and Wata-. This system was investi¬ 
gated by Bell and Taber^ at zs^C, their results being quite satisfactorily con¬ 
firmed later by Foote.* As our work was to be at 3o°C a part of the isotherm 
was determined for this temperature and covering the concentrations in 
which we were interested. The results are assembled in Table I. It appears 
that cupric sulphate is somewhat more soluble in aqueous solutions of sul¬ 
phuric acid at 3o°C than at 2S®C. 


Table I 

Solubility of Cupric Sulphate in Aqueous Solutions of Sulphuric Acid at 3o®C 


CUS04 

HiSO, 

CUSO4 

HaS04 

per 100 Kins. 

gma. per 100 gma. 

gms. per loo gms. 

gms. per loo gms. 

H,0 

HjO 

HaO 

HaO 

20.14 

7-38 

I5-S7 

16.12* 

18.62 

17-13 

9.81 

34.93* 

16.22 

20.6s 

i 6-55 

14.61'"* 

14.08 

27.76 

8.63 

37-24** 

7.82 

49.61 




* Calculated from Bell and Taber: loc. dt. 

•• from Foote: loc. dt. 

Sulphuric acid depresses the solubility of cupric sulphate. In contact 
with solutions of sulphuric acid up to about 49 per cent of sulphuric, the solid 
stable is the pentahydrate, CuSO«.sHfO. As concentration of sulphuric 
acid increases, the trihydrate, the monohydrate, ^nd finally anhydrous cupric 
sulphate become in turn the solid phase. No evidence has appeared that 
solid complexes may appear containing sulphuric acid as well as water and 
cupric sulphate. 

Ferrous Sulphate, Sulphuric Add, and Water. Wirth* has studied the 
solubility of ferrous sulphate in solutions of sulphuric acid at 35°C finding 
that the solubility of the salt decreases with increase of acid. Up to solutions 
about 12th normal, the stable solid in contact with the liquids is ferrous sul¬ 
phate heptahydrate, FeS04.7Hj0. As the concentration increases, the solid 
phase is the monohydrate, FeS04.H20. Wirth’s results are given in terms of 
“normality” of the acid and grams ferrous sulphate (FeS04) per 100 grams 
of solution, without the data necessary to compute the two solutes on a com¬ 
mon basis. Our results obtained at 3o®C are assembled in Table II. Within 
the range of concentration involved the stable solid was ferrous sulphate 
heptahydrate. 

Kenrick* has studied the solid phases stable in this system over a wide 
range of concentrations. He found that the constant solution, or concentra¬ 
tion beyond which ferrous sulphate monohydrate is the stable solid, was 

^ J. Phys. Chem., 12,175 (1908). 

’ J. Am. Chem. Soc., 37 ,290 (1915). 

' Z. anorg. Chem., 79 , 364 (1913). 

* J. Phya. Chem., 12, 693 (1908). 
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about 78 grams of sulphuric acid per hundred grams of water. From Ken- 
rick’s data it appears that, as concentration of sulphuric acid increases, at about 
a concentration of 459 grams of sulphuric acid per 100 grams of water, the 
Compound with the formula 2 FeS04.H2S04 becomes the solid phase, re¬ 
placing the monohydrate. Above concentration 855 grams sulphuric acid 
per 100 grams of water, the stable solid has the formula FeS04. H2SO4, and 
above concentration 1592 grams sulphuric acid per 100 grams of water the 
stable solid has the formula FeS04.3H2S04. We have dealt with no such 
concentrations in the present investigation. But we consider it possible that 



Solubility isotherms for aqueous solutions of cupric sulphate and ferrous sulphate. 

similar solids have appeared in our work and that it is desirable to call atten¬ 
tion at this point to the facts that ferrous sulphate unites with sulphuric acid 
in the solid phase, under favorable conditions, whereas cupric sulphate appears 
not to do so under any conditions. 


Table II 


Solubility of Ferrous Sulphate in Aqueous Solutions of Sulphuric Acid at 3o®C 


FeS 04 

Gms per 100 gma 
H2O 

16.89 
17 53 
18.08 
18.56 


H,S04 

Gms per 100 gms 
H2O 

14.99 

19.96 

25-20 

32.60 


FeS 04 

Gms per 100 gms^ 
H2O 

19.30 

17-43 

18.65 

17.79 


H 1 SO 4 

Gms per 100 gms 
H ,0 

41.85 

19-50 

31.29 

25-57 
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Table Ill 

Mutual Solubilities of Cupric Sulphate and Ferrous Sulphate in Water. Stated 
in grams dissolved salt per loo grams water. 



2S*C* 


30*C 


40*C* 

CuSO* 

FeS 04 

CUSO4 

FeS 04 

CUSO4 

FeS 04 

21-59 

3-44 

23-53 

3-13 

28.07 

3-47 

22.12 

4.94 

22.49 

11.51 

27.70 

5 -” 

22.37 

8.93 

20.54 

17.16 

27-39 

8.43 

22.00 

10.96 

18.95 

19.61 

27-75 

16.14 

22.61 

13 

16.02 

22.75 

31.68 

22.14 

i 8-37 

13*55 

21.98 

3-29 

23.41 

20.06 

17.61 

14.64 

21.56 

6.86 

21.92 

20.94 

15.79 

16.67 

20.67 

11.82 

19-73 

23-51 

15-76 

16.04 



19-75 

23-89 

II. 18 

19.82 



17.07 

25-83 

9.61 

21.33 



16.89 

25.07 

8.48 

22.28 



12.83 

28.68 

4.33 

25-78 



10.30 

31-46 

3.03 

26.61 



9.12 

32-48 


4.81 3619 

371 3709 

28.57 10.II 

28.78 12.47 

25.16 19.65 

* Calculated from data by Agde and Barkholt: loc. cit. 

Cupric Sulphate, Ferrous Sulphate, and Water. Agde and Barkholt‘ by 
studying the change in composition on the cooling of numerous mixtures of 
cupric sulphate, ferrous sulphate, and water obtained data from which to 
chart several isotherms for this system. We have recalculated their data for 
25'’C and 4o°C and assembled them in Table III and Fig. i. At lower con¬ 
centrations with respect to ferrous sulphate, the stable solid phase is copper 
sulphate pentahydrate, CuS04.5H20, while the liquid solutions of higher 
concentration are in equilibrimn with members of a series of solid solutions. 
The limiting member of this series of solutions, at the transition point, prob¬ 
ably has the composition, 3CuSO4.7H2O.2FeSO4.7HjO. Hydrolysis of the 
salts had little effect. As long as cupric sulphate pentahydrate alone is in 
contact with the solutions, increase in content of ferrous sulphate has little 
effect. It is noteworthy that they attained equilibrium conditions involving 
the formation of a. solid solution so very quickly. 

Our experience has not been so happy in attempting to realize this system 
as one of three components. Stock solutions were prepared by warming an 
excess of cupric sulphate crystals and cupric oxide in distilled water; and 
ferrous sulp^te crystals with cleaned wire nails and water. From these a 
series of solutions were prepared, solid cupric sulphate in excess being added 


* 2 S. angew. Chon., 39 , 851 (1926). 
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to the solutions of ferrous sulphate, and an excess of solid ferrous sulphate 
to the solutions of cupric sulphate. Each member of the series was “seeded^' 
with a few crystals of a solid solution. Prevention of oxidation by air was 
attempted by superimposing a heavy layer of Nujol. This device was but 
moderately successful, as, in time, some solid ferric hydrate always appeared. 
Analysis of five of these solutions in which there showed not more than ap¬ 
preciable amounts of ferric iron are here given. The solutions had been kept 
in a thermostat at 3o°C for ii days, meanwhile being shaken vigorously at 
frequent intervals. Examination of the solid phases, carefully dried by 
pressing between filter papers, was disconcerting. No distinctions in crystal 
form were observable, even with a hand magnifying glass. But there was a 
marked gradation in color from blue through the intermediate shades to a 
strong green. Generally crystals of a quite different color and composition 
could be picked from the mass corresponding to one and the same solution. 
The analyses of these samples always showed a discrepancy between the 
sulphuric acid content as calculated from the metals found, and that actually 
found. A few typical cases are given in Table IV. 

Table IV 

Composition of Precipitates in contact with Aqueous Solutions of Cupric 
Sulphate, Ferrous Sulphate, and Hydrogen Sulphate 


Color 

CUSO4 

FeS 04 

H2SO4 

H ,0 


per cent 

per cent 

per cent 

per cent 

Blue 

20.64 

35'50 

- 1-33 

45-21 

>> 

22.42 

37-04 

- .56 

41.10 


20.42 

21.33 

24.60 

33-60 

Green 

27.64 

16.70 

20.62 

35 03 

91 

25.81 

31-49 

9.67 

33-02 


Three dilute solutions of ferrous sulphate were prepared, and cupric 
sulphate added in excess. No Nujol was added, but the air was removed by 
displacement with carbon dioxide. At the expiration of six days the solutions 
were analyzed and the accompanying solid phases, dried between filter 
papers, proved to be cupric sulphate pentahydrate containing no detectable 
amounts of iron. These flasks were then seeded, each with a few crystals 
of a solid solution. At the end of another period of five days, each flask con¬ 
tained more or less ferric hydroxide and some green crystals as well as blue 
crystals of cupric sulphate pentahydrate. The green crystals contained 
both iron and copper. Their color was decidedly different from the bluish 
color of the seed crystals. 

Apparently, with extraordinary care or by good luck, a three-component 
system containing cupric sulphate, ferrous sulphate, and water can be realized. 
Ordinarily, however, one deals with a four-component system, and more 
commonly where hydrogen sulphate may be considered most conveniently 
as the fourth component. 

Cupric Sulphate, Ferrous Sulphate, Sulphuric Acid, and Waier. A series 
of solutions was prepared, a part by adding an excess of solid ferrous sulphate 
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to solutions of cupric sulphate, and a part by adding solid cupric sulphate to 
solutions of ferrous sulphate. To each solution in the series was added the 
same excess of sulphuric acid. The containers were quite filled and tightly 
stoppered. Under these conditions there was practically no oxidation of the 
iron. After being in the thermostat for about three weeks, at a temperature 
of 30°C, with intermittent but frequent shaking, samples of the solutions 
approximately of 4.5 grams each, were analyzed, the results being assembled 
in Table V. The solids in contact with five of these solutions were carefully 
separated by filtration on a Buchner funnel, quickly dried between heavy filter 
papers, pulverized and quartered for a subsample for analysis. In each case 
the whole solid phase was carefully inspected with a hand glass before pul¬ 
verizing. But while it appeared that charaOteristic crystals of cupric sulphate 
pentahydrate were present in each case, it also proved hopeless to separate 
them mechanically from the remaining crystals. The analysis of the solids 
are included in Table V. 


Table V 

Composition of Liquid and Solid Phases, at 3o°C, in the System of Cupric 
Sulphate, Ferrous Sulphate, Sulphuric Acid, and Water 
Solution Solid 


Sample 

CUSO 4 

FeS04 

H,S04 

H4O 

CuSO, 

FeSO, 

H,804 

H,0 

No. 

per cent 

per cent per cent per cent 

per cent 

per cent 

per cent 

per cent 

1 

18.81 

3-63 

6.21 

71-36 

34-98 

4-63 

24.86 

35-52 

2 

16.21 

7.17 

4 -Si 

72.11 

39-38 

5-56 

18.60 

36-56 

3 

13 -99 

11.32 

4 -S 8 

70.01 

43-59 

7-74 

12.58 

36-09 

4 

13.89 

10.85 

5-49 

69-77 





s 

13-82 

11.24 

4-69 

70.25 





6 

13-67 

11.09 

S-38 

69.86 





7 

13-38 

11.62 

S-06 

69-94 

26.92 

1524 

20.32 

37-52 

8 

13-22 

12.09 

4-56 

70-13 





9 

11.09 

13 ‘55 

5-50 

69.86 

12.50 

18.16 

27.04 

42-31 


Probable Solid Phases: 

1 CuS04.sHs 0 and FeS04:8.3iH*S04:28.7sH*0 

2 CuS04.sHj 0 and FeS04:s.i7H2S04:2i.7sH20 

3 CUSO4.SH2O and FeS04:2.siH2S04:i2.48H20 

7 CUSO4.5H2O and FeS04:2.o6H2S04:i2.3iH20 

9 CUSO4.SH2O and FeS04:2.29H2S04:i6.36H20 

Inspection of the figures in the table shows that the solubility of either salt 
is depressed by the other and by the sulphuric acid. The solution figures 
when plotted on the equilateral tetrahedron and projected on the CUSO4- 
FeS04-H2S04 triangle fall on or very close to a smooth curve. 

In this system of at least four components there must have been two solid 
phases present, since there was but one liquid and vapor, in each of the con¬ 
tainers. It seems most reasonable to assume, although not definitely proven, 
that one of the solid phases in each case is cupric sulphate pentahydrate, 
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CUSO4.SH2O. This assumption made, the composition of the other was com¬ 
puted for each case and the results assembled under Table V. Since there is 
apparently a continuous and progressive variation in the composition of the 
solid phase, with the progressive variation in the composition of the liquid 
phase, we may conclude that the solid phase containing ferrous sulphate also 
contains sulphuric acid and water in solid solution. Apparently we are deal¬ 
ing with a series of solid solutions, although the data for the solid in contact 
with solution No. 9 does not accord too well with the others. Another series 
of solutions was prepared, but designed to cover a wider variation in the con¬ 
centrations of the components. In this series, the solid phases were not 
separated from the supernatant liquid by filtration. Hydrochloric acid, 
about one per cent or a little more, was added to each solution as a ‘‘tell tale.” 
After standing at room temperature for about three weeks, being shaken 
vigorously several times a day, the samples were then immersed in the con¬ 
stant temperature bath for 22 days. Samples of the solutions of about ap¬ 
proximately 6.5 grams weight each were withdrawn for analysis. Residues of 
solid and mother liquor were also taken for analysis at the same time, these 
residues varying in mass from slightly less than two grams, to over five 
grams. The samples were each dissolved and made up to 500 cc volume, and 
analysis made on aliquots. Considerable difiiculty was met in making the 
chlorine determinations. The ‘‘chlorine ratio” for liquid and residue was 
considered sufficiently reliable to be used in but five out of the nine cases. 
The final computations are assembled in Table VI. 

Table VI 

Composition of Liquid and Solid Phases, at 3o®C, in Systems of Cupric Sul¬ 
phate, Ferrous Sulphate, Sulphuric Acid, and Water 
Solutions Solids 


Sample 

CuSOi 

FeS 04 

H1S04 

H ,0 

CUSO4 

FeS 04 

H,S 04 

HjO 

No. 

per cent per cent per cent per cent 

per cent 

per cent 

per cent 

per cent 

I 

16.05 

2.09 

5-71 

76.14 

25.18 

3.68 

32.51 

38.62 

2 

15-40 

3 -S 8 

6.16 

74-86 





3 

13 -93 

5-39 

7.62 

73-05 





4 

11.80 

11.22 

9.81 

67.16 

48.53 

7-79 

9.60 

34.08 

s 

11-63 

II .01 

8.56 

68.79 





6 

9.17 

9.68 

9-46 

71.68 

24.06 

18.56 

21.53 

35-84 

7 

S -86 

10.40 

“•35 

72.40 

19.36 

22.41 

22.23 

36.00 

8 

3-44 

11-33 

11.13 

74.10 





9 

1.91 

12.41 

12.49 

73-^7 

4.01 

33-73 

21.80 

40.45 


Probable Solid Phases: 

I CuSo 4 . 5 H «0 and FeS04:i3.69H2S04:5S.98H20 
4 CUSO4.SH2O and FeS04:i.9oH2S04:7.26H20 

6 CUSO4.SH2O and FeS04:i.8oH2S04:io.i2H20 

7 CUSO4.SH2O and FeS04:i.S4H2S04:9.44H20 

9 CUSO4.SH2O and FeS04:o.99H2S04:9.5H20 
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These figures suggest the same oonclusioos as do those in Table V. They 
are charted in Fig. 2. It will be observed that the data for solution No. 4 
falls far from the smooth curve indicated by the data for the other solutions. 
Whether equilibrium had not been reached in this solution or the analytical 
work was faulty in determining the excess of acid to be added, it gives an 
adequate reason for suspecting the correctness of the composition found for 
the solid solution in contact with this solution. There seems to be no reason¬ 
able escape from the conclusion that the solid phases in this system are the 
pentahydrate of cupric sulphate and one of the members of a wries of solid 
solutions containing ferrous sulphate, sulphuric acid, and water. 

HvSO^ 

A 



Fig. 2 

Solubility at 30“ of cupric sulphate and ferrous sulphate in aqueous 
solutions of sulphuric acid. 


Summary. It has been shown that, at 30T: 

1. The solubility of cupric sulphate in water is depressed by sulphuric acid. 

2. The solubility of ferrous sulphate in water is depressed by sulphuric 
acid. 

3. Cupric sulphate and ferrous sulphate mutually depress one another’s 
solubility in water. The presence of sulphuric acid augments the depression. 
Two isotherms have been charted. 

4. A satisfactory explanation of the two solid phases in contact with 
an aqueous solution of cupric sulphate, ferrous sulphate, and sulphuric acid, 
is that one phase is cupric sulphate pentahydrate, CuS04.sH,0, and the 
other a solid solution of ferrous sulphate, sulphuric acid, and water. 

Dejmrfmeni of Chemistry^ 

University of Norik Carolina* 



OXIDATION OF HALOGEN ACIDS BY SULPHURIC ACID’* 


BY KSENIA PROSKOURIAKOFF 

The manuals of organic preparations insist on the addition of water when 
making ethyl bromide. Gattermann^ says: T02 00 grammes (no c.c.) of 
concentrated sulphuric acid contained in a round litre-flask, add quickly 
with constant shaking, without cooling, 90 grammes of alcohol (about 95%). 
After cooling the mixture to the room temperature, add carefully 7 5 grammes 
of ice-water, the cooling to be continued, and then 100 grammes of finely 
pulverised potassium bromide.^^ 

W. A. Noyes^ says: ‘Tut 100 cc. of concentrated sulphuric acid in a flask, 
add slowly with constant shaking, but within two or three minutes, 100 cc. of 
alcohol. Cool thoroughly and pour the mixture into a 400 cc. distilling bulb 
or flask containing 70 grams of potassium bromide, and 70 cc. of water.'^ 

From the mass law relations we know that, other things being equal, 
there will be less ethyl bromide formed from given amounts of ethyl alcohol 
and hydrobromic acid the more water is present. The reason for adding 
water is not obvious and is not given in either of the two books just cited. 
A run without the addition of water shows that hot sulphuric acid oxidizes 
hydrobromic acid to bromine when the acid is too concentrated. 

It seems desirable to get some idea of the relations between temperature 
and pressure for visible oxidation. Since iodides are less stable than bro¬ 
mides, the first experiments were made with potassium iodide. A constant 
volume of 100 cc of a known sulphuric acid solution was placed in a small 
Erlenmeyer flask and heated to the desired temperature, when two small 
crystals of potassium iodide were dropped in. The flask was shaken lightly 
over a white asbestos board, which facilitated the recognition of the iodine 
color. If no iodine color was visible, the experiment was repeated at about 20° 
higher; or at about 20° lower if the color of iodine could be recognized. It 
was soon found that, because of the delay in the appearance of the color, the 
test had to be made after a definite time interval and thirty seconds was 
chosen arbitrarily as the standard time. 

By repeating the tests at temperatures half-way between those at which 
free iodine was present and those at which it was absent, it was possible to 
obtain minimum temperatures for oxidation which are consistent and which 
are probably accurate to d=3°. The curve begins with 25% sulphuric acid 
which oxidized the hydriodic acid only at 100° and higher, and was extended 
^0 50% acid which reacts at a little above room temperature. The data for 
hydriodic acid and similar data for hydrobromic acid are given in Table I and 
are plotted in Fig. i. 

* This work was done as part of the senior thesis under Professor Bancroft. 

^ “The Practical Methods of Organic Chemistry/' 131 (1918). 

* “Organic Chemistry for the Laboratory," 109 (1897). 
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Table I 

Oxidation of Hydriodic and Hydrobromic Acids 


Hydriodic Acid 
%H2S04 Temp. 

25 lOO® 

30 60 

35 SO 

40 45 

50 36 


Hydrobromic Acid 
%HfS04 Temp. 

60 

169® 

70 

100 

80 

46 

90 

3 S 


Since mercuric sulphate is an efficient catalyst in the oxidation of naph¬ 
thalene by sulphuric acid, it was thought desirable to see whether mercuric 
sulphate would lower the temperature of oxidation of hydriodic acid. Ex¬ 
periments similar to those already described were made with potassium iodide 
crystals and 100 cc 30% sulphuric acid to which there had been added about 

0.045 g mercuric sulphate. No liberation 
of iodine could be detected at 60®. In 
some cases a red precipitate was formed 
which looked like mercuric iodide. In 
order to make sure that iodine did not 
form a colorless compound in such a solu¬ 
tion under these experimental conditions, 
a crystal of iodine was dropped into a solu¬ 
tion of 30% acid and mercuric sulphate. 
No reaction was apparent. This is strong presumptive evidence that no 
iodine is formed and that the hydriodic acid is converted into mercuric 
iodide. 

It was decided to determine the composition of the precipitate, and there 
were therefore added amounts of potassium iodide slightly greater than that 
necessary to convert the mercuric sulphate into mercuric iodide. The re¬ 
sults were unsatisfactory because the turbid precipitate made it difficult to 
tell definitely whether there was free iodine present or not. Similar tests 
were made, adding the potassium iodide very slowly; but the color of iodine 
was not apparent until so much iodide had been added that the precipitate 
dissolved. The amount added was considerably more than was theoretically 
necessary either for mercuric iodide or for H2Hgl4. 

Finally, a somewhat larger amount of powdered mercuric sulphate was 
taken and a little more than enough potassium iodide to form mercuric iodide. 
This was kept for a few minutes at 62® and was then permitted to stand 
(covered) over night at room temperature. After the precipitate had settled, 
the color of iodine was clearly visible in the supernatant solution. A con¬ 
firmatory starch test gave the characteristic blue color. 

The general results of this paper are; 

I. With 100 cc H2SO4 and two crystals of potassium iodide, iodine can be 
detected in thirty seconds at 100®, 60®, 50®, 45®>and 36® with 25%, 30%, 35%, 
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40%, and 50% sulphuric acid respectively. With hydrobromic acid the cor¬ 
responding oxidation temperatures are 169®, no®, 46®, and 36® with 60%, 
79%, 80%, and 90% sulphuric acid respectively. 

2. The difference in the ease of oxidation of hydriodic acid and hydro¬ 
bromic acid is shown by the fact that at 100® a 25% H2SO4 will oxidize 
hydriodic acid, while a 70% HjSO^ is necessary to oxidize hydrobromic acid. 

3. Mercuric sulphate does not act as a catalyst for the oxidation of hy¬ 
driodic acid between 36® and 100®. Mercuric sulphate reacts with the hy¬ 
driodic acid to form insoluble mercuric iodide before the sulphuric acid can 
oxidize the hydriodic acid to iodine. The rate of oxidation must therefore 
be the slower of the two reactions. 

Cornell University. 



A CONTRIBUTION TO OUR KNOWLEDGE 
OF DISINFECTANT ACTION. Ill 

Unsaturated Compounds as Germicides 

BY HENRY DOUGLAS CHEESEWORTH AND E. ASHLEY COOPER 

The object of this investigation has been to obtain further knowledge 
concerning the relationship between chemical constitution and germicidal 
power by means of a comparative study of the toxic action of unsaturated 
and saturated compounds upon micro-organisms, e.g. bacteria and protozoa. 

Bactericidal power has been measured in this investigation by two 
methods. 

(I) the Chick-Martin^ method, by which disinfectant action is measured 
over comparatively short periods, e.g. 30 minutes. 

(II) the inhibitory method,^ which measures the capacity of a substance 
to restrain bacterial growth over a longer period of 48 hours. 

By these methods the activity of the following groups of compounds has been 
studied: 

(I) aliphatic unsaturated compounds and related saturated derivatives. 

(II) the phenols, and cyclohexanols. 

The results are described in Section I of this paper. Section II deals 
with the physico-chemical aspect of the subject. 

I. Germicidal Action 

The germicidal efficacy of representative compounds is expressed in terms 
of bactericidal concentrations in Tables I-IV. 

Table I 

Action of Disinfectants upon B. Coli communis 
(by the method of Chick and Martin) 

C = minimum concentration killing B. Coli in 30 mins, at 2o°C 


Disinfectant 

c 

Disinfectant 

c 

Phenol 

I : 130 

Tri-ehlor-ethylene in 25% 


Cyelohexanol 

I : 32 

aleohol 

>i : 700 

p-Cresol 

I : 325 

Butyrie acid 

I :8s 

p-Methyl Cyelohexanol 

I : 127 

Crotonic acid 

I : 87 

o-Methyl Cyelohexanol 

I : 117 

Succinic acid 

1 : 55 

m-Methyl Cyelohexanol 

I : no 

Maleic acid 

I : 550 

Benzyl aleohol 

I :6s 

Fumaric acid 

< I : 800 

Tetra-chlor-ethane in 25% 




aleohol 

X : 900 




^ Chick and Martin: J. Hygiene, 8, 654 (1908). 

* Cooper and Forstner: Biochem. J., 18 , 941 (1924). 
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Table II 

Minimum Concentrations inhibiting B. Coli at 37®C 
C = minimum inhibiting concentration 


Disinfectant 

c 

Disinfectant 

C 

Phenol 

I : 57 S 

Propyl alcohol 

I : 70 

Cyclohexanol 

I : 250 

Allylamine 

I : 650 

m-Cresol 

I :1170 

Propylamine 

I : 5000 

m-Methyl-Cyclohexanol 

I : 525 

Butyric acid 

I : 475 

Benzyl alcohol 

I : 250 

Crotonic acid 

I : 1100 

Allyl alcohol 

I : 8s 

p-Chlor-phenol 

I : 4000 


Table III 


Action of Disinfectants upon B. Fluorescens non Liquifaciens 


Disinfectant 

Phenol 

Cyclohexanol 
Benzyl alcohol 
Propyl alcohol 
Allyl alcohol 
Allylamine 
Propylamine 


Method 

Inhibitory 

Chick-Martin 

Chick-Martin 

Chick-Martin 

Inhibitory 

Inhibitory 

Inhibitory 

Inhibitory 


Germicidal 

Concentrations 

I : 1100 
I : 190 
I : 95 
I : 75 
>i : 80 
I -‘95 
I : 1000 
I : 8000 


Table IV 


Comparison of the germicidal action of phenol, cyclohexanol, 
and other substances under various conditions 
(a) with B. Coli (Chick-Martin method) 



Temp. 

Period of 
disinfection 

Germicidal 

strength 

Phenol 

Ratio 

Phenol 

Cyclohexanol 

0 

0 

0 

CM 

i hour 

I : 130 

I • 32 

•25 

Phenol 

Cyclohexanol 

20‘>C 

2 hours 

I : 135 

I : 61 

•45 

Phenol 

Cyclohexanol 

37 '’C 

1 hour 

I : 220 

I : 82 

•37 


Phenol 


(b) B. Fluorescens non Liquifaciens and B. Proteus Vulgaris. 
(Chick-Martin method). 


B. Fluor. 

Phenol 

B. Prot. 

Phenol 

non Liq. 

Ratio 

Vulg. 

Ratio 

I : 190 

•5 

I : 166 

•3 

I : 95 


I : 55 



Cyclohexanol 
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(c) Inhibitory Method at 9o®C and 37®C B. Coli 



Inhibition 

Inhibition 


at 37 “C 

at 20®C 

Phenol 

I : S 7 S 

I : 750 

Cyclohexanol 

I : 250 

I : 215 

m-Cresol 

I : 1170 

I : 1250 

m-Methyl Cyclohexanol 

1 : 52s 

I ••47s 

Benzyl alcohol 

I : 250 

I : 280 

Crotonic acid 

I : 1100 

I : 750 

Butyric acid 

I : 47 S 

I : 525 


A survey of the results indicates that allyl alcohol is more active than the 
corresponding saturated propyl alcohol, crotonic acid more active than 
butyric acid, and maleic and fumaric acids are superior to succinic acid in 
bactericidal power. The phenols are also more efficacious than the cyclo- 
hexanols. The superiority of the phenols over the cyclohexanols in germicidal 
power has been previously noted by Cooper and Mason, ^ and by Schaeffer 
and Tilley.2 The additional data furnished in the present paper show that 
the phenols are from two to four times more effective as germicides than the 
corresponding cyclohexanols according to the test-organism and experimental 
conditions employed. This serious collapse in germicidal power as a result 
of the hydrogenation of the benzene nucleus is remarkable, in view of the 
fact that benzene and its derivatives are not regarded as typical unsaturated 
substances. 

There are, furthermore, exceptions to the rule that unsaturated com¬ 
pounds are stronger disinfectants than the saturated analogues. Thus, 
allylamine is very much less effective than propylamine; but this may be 
accounted for by the fact that the unsaturated amine is the weaker base. 
Trichlorethylene is less germicidal than tetrachlorethane, so that it would 
seem that the additional chlorine atom more than counterbalances the effect 
of the loss in unsaturated character. Benzyl alcohol is an unexpectedly 
weak disinfectant, having only one-fifth the efficacy of the isomeric cresols. 
The former is also less active than the methyl-cyclohexanols. This indicates 
that the attachment of the hydroxyl group to the side-chain is even more 
unfavourable to germicidal power than hydrogenation of the aromatic 
nucleus. 

Protozoa: 

The work was now extended to the animal kingdom: the minimum lethal 
concentration of the fore-mentioned compounds was determined for para- 
moecium. It is a ciliated organism of sufficient size to be distinctly visible 
imder a low-power microscope, and this portion of the work was therefore 
performed microscopically. 

The organism was grown in hay infusion and subcultured to a fresh 
medium every month, by the transference of a few c.c. of the liquid and a 


^ Cooper and Mason: J. Hygiene, 26 , ii8 (1927). 
* Schaeffer and Tilley: J. Bact., 14 , 259 (1927). 
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little of the solid grass. It was not necessary to sterilise either media or ap¬ 
paratus in this work, since the appearance and size of the paramoecium ren¬ 
ders it easily distinguishable from all other organisms present. 

The technique of the method is as follows:—The tests were performed 
at room temperature; the standard time of disinfection was two minutes. 
One drop of the culture, from a standard dropping pipette, was placed on a 
microscope slide. At least twenty to thirty organisms should be present to 
obtain consistent results, since the individual resistance of different organ¬ 
isms varies somewhat. To the drop of the culture was added one drop of the 
disinfectant solution, and the slide gently sloped backwards and forwards for 
one minute to ensure complete mixing. It was then examined under the 
microscope for a further minute. This procedure was repeated with various 
concentrations of the disinfectant until the limiting concentration was 
reached, at which the organisms were killed just within the standard time. 
The concentration of the disinfectant when mixed with the drop of culture 
is of course already half the strength of the solution that was prepared. 

The results (Table V) show the same general relation between saturated 
and unsaturated compounds, already described in the bacteriological work, 
Allylamine, however, is more toxic to protozoa than propylamine, the con¬ 
verse having been observed in the case of bacteria. 

Table V 


Minimum Concentrations killing paramoecium in 2 minutes 
C = minimum killing concentrations 


Phenols and Alcohols 

C 

Acids and Bases 

C 

Phenol 

I : 800 

Fumaric acid 

I : 4500 

Cyclohexanol 

I : 200 

Maleic acid 

I : 2400 

o-Cresol 

I : 1000 

Itaconic acid 

I : 2200 

0-Methyl Cyclohexanol 

I : 285 

Citraconic acid 

I : 1400 

Benzyl alcohol 

I : 250 

Mesaconic acid 

0 

0 

Propyl alcohol 

I : 

Crotonic acid 

I : 2400 

Allyl alcohol 

I :30 

Butyric acid 

I : 1600 

Resorcinol 

I : 300 

Allylamine 

I : 250c 

p-Chlorphenol 

I :3000 

Propylamine 

I : 1500 


Fumaric acid proved to have a greater toxic effect than maleic acid on 
both protozoa, and bacteria, although the cis acid is the stronger acid. Similar 
results were obtained with the corresponding homologues, mesaconic and 
citraconic acids. As regards toxicity to the lowest forms of life, configuration 
may thus be of more significance than ionisation. 

n. Action of Certain Compounds on Proteins and Lipins 

The factors governing the disinfectant action of a compound are numer¬ 
ous and complex. Permeability through a membrane (the cell wall), the 
power of coagulating the cell-proteins, and the partition coefficient between 
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water and protein are all concerned. According to Lepeschkin/ the severing 
of the combination of the protein and lipin constituents of the protoplasm 
into its components, constitutes the death of the cell. Experiments have 
therefore been devised, employing certain of the forcing compounds, for 
the purpose of explaining their germicidal action on physicochemical grounds. 

Predpitatim of Egg Albumin. 

The first series of these experiments consisted in measuring the pre¬ 
cipitating action of various compounds on egg albumin. 

A io% solution of egg albumin was prepared and to 2 c.c. of this solution 
8 c.c. of varying concentrations of the disinfectants were added, and well 
mixed. The immediate effect was noticed, and the observations were also 
made after definite intervals of time. The results are set out in Table VI. 

Table VI 

Precipitation of Egg albumin 
Concentrations causing precipitation 
Immedi- 



ately 

i hr. J hr. 

I hr. 

Phenol 

>. 8 % 

>. 8 % >. 8 % 

.7% 

Cyclohexanol 

> 3-3 

— — 

> 3-3 

m-Cresol 

•7 

•5 S 

<•05 

o-Cresol 

•7 

■S -3 

<05 

0-Methyl Cyclohexanol >.8 

— >.8 

•5 

p-Methyl Cyclohexanol >.8 

— >.8 

•S 


Table VII 




Precipitation of .54% Lecitho Vitellin 
Concentrations causing precipitation 



Immediate 

action 

i hr. 

I hr. 

Phenol 

I : 250 

I : 290 

I : 4 SO 

Cyclohexanol 

I : so 

— 

— 

o-Cresol 

I : 420 

I : 7 SO 

I : 7 S 0 

m-Cresol 

I : 420 

I : 600 

— 

p-Cresol 

I : 420 

I : 600 

I : 600 

Benzyl alcohol 

>i : 62 

I : 66 

I : 78 

Resorcinol 

I : 150 

M 

10 

00 

0 

I : 500 

Quinol 

I : 90 

I : 270 

I ^ 33 ° 

p-Chlor phenol 

I : 670 

— 

— 

Picric acid 

I : so 

I : 10,000 

— 

Propyl alcohol 

>i : 12.s 

— 

I : 16 

Allyl alcohol 

I : 125 

I : 6so 

I : 650 


‘ Z«peschkin: Biochem. Z., 171 ,126 (1926). 
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The results show a certain degree of correspondence with the differences 
already observed in the case of bactericidal power. Thus, the cresols are 
more powerful than phenol as disinfectants, and are also more efficacious 
protein precipitants. The cyclohexanols, on the other hand, are inert germi¬ 
cides and are at the same time observed to be weak precipitants. A prelimi¬ 
nary experiment also shewed that allyl alcohol is superior to the saturated 
propyl alcohol in precipitating action, but this is considered in greater detail 
in the next series of experiments. 


Table VIII 

Phenomena exhibited in the precipitation of .54% Lecitho Vitellin 
by Allyl alcohol solutions 


— indicates no precipitate 
+ indicates precipitate. 


Concentra¬ 
tions of 

Allyl 

alcohol 

Precipitates observed 
immedi¬ 
ately i hr. I hr. 

1:71 

— 

— 

— 

I :83 

— 

— 

— 

I : 100 

+ 

+ 

+ 


I : 150 

— 

+ 

+ 

I : 200 


+ 

+ 

I : 250 

— 

+ 

+ 

I : 33 o 

— 

+ 

+ 

I : 500 

— 

— 

+ 

I : 750 

— 

— 

— 

I : 800 

— 

— 

— 

I : 1000 


.... 

... 


Precipitates observed 
immedi- 


ately 

ihr. 

I hr. 


— 

— 

+ 1 

1 very slight 

— 

— 

+ J 

1 precipitates 

+ 

+ 

+ 

very thick 
precipitate 
which has 
settled. 

— 

+ 

+ : 

precipitates 
which remain 


+ 

+ 

1 

^ in suspension 
for several 

— 

+ 

+ J 

hours. 

— 

+ 


very thick 
precipitates 


+ 

+ 

^ which have 
settled within 



+ 

the first 
f hour. 

— 

— 


no sign of 
^ precipitate 



-J 

after 2 hrs. 
standing 


On further standing, there are also concentration-zones at which the pre¬ 
cipitate remains suspended and does not settle out as a coagulum. These 
zones are indicated in detail in Table VIII. 
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Precipitation of Ucitho^vitellin. 

Lecitho-vitellin was prepared from egg-yolk by extraction with io% 
sodium chloride solution. The extract was freed from coloring matter by 
treatment with ether, and the lecitho-vitellin purified by precipitation 
through dilution with excess of water, in which the substance is insoluble. 
A solution in io% sodium chloride was used, and the precipitation tests were 
carried out as in the foregoing case of albumin. The results are given in 
Table VII. Control experiments shewed that the lecitho-vitellin was not 
precipitated through dilution alone under the experimental conditions. 

The relative precipitating power of the selected disinfectants is in much 
the same order as their bactericidal action. Allyl alcohol is more effective 
than propyl alcohol; phenol exceeds cyclohexanol; and benzyl alcohol is 
less active than the isomeric cresols. 

On long standing, allyl alcohol, however, shows unexpected precipitating 
power, being even more active than the phenols, although it has never been 
observed to attain the bactericidal strength of the latter. Allyl alcohol, 
furthermore, behaves altogether anomalously, insomuch as, unlike all the 
other compounds examined, it exhibits zones of precipitating activity. 
This is demonstrated by the results in Table VIII. Thus, only a concen¬ 
tration of 1% possesses any immediate precipitating action on lecitho- 
vitellin, stronger and weaker solutions being without effect. After 15 min¬ 
utes contact, only concentrations below 1% precipitate, the minimum ef¬ 
fective concentration being apparently i in 650. 

Distribution of Allyl Alcohol between Water and Protein Phases 

With the object of throwing light on the germicidal and precipitating 
action of allyl alcohol, and its superiority over propyl alcohol, a study was 
next instituted of its absorption by proteins and the influence of concentration 
thereon. Aqueous solutions of allyl alcohol of different strengths were left 
in contact with weighed amounts of an insoluble protein until equilibrium 
was reached. The aqueous phase was filtered off, and the residual amount 
of allyl alcohol therein was found by estimating the quantity in 10 c.c. The 
method of estimation used was that of bromination,^ the bromine being liber¬ 
ated by acid from a solution containing potassium bromate and bromide. 

The protein employed was coagulated egg albumin. This was prepared 
by coagulation of a solution of egg albumin by heating on a water bath. 
It was filtered, pressed, and dried at ioo®C until the weight was constant. 
It was then ground to a fine powder, and i gram introduced into each of a 
number of dry wide-necked bottles. 25 c.c. of allyl alcohol solution were 
now added to each. Preliminary tests showed that equilibrium was not 
reached until contact had been maintained for three days. The experiments 
were conducted at 2o®C. 

The results (Table IX) shew that over a range of concentration from 2-8% 
the distribution-ratio tends to be constant and is thus a partition-coefficient. 


^ Stritar: Monatsheft, 39 , 619 (1918). 
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the allyl alcohol being therefore simply dissolved in the protein without any 
evidence of either molecular association or chemical combination. The allyl 
alcohol is approximately 3.7 times as soluble in albumin as in water. Pre¬ 
vious experimental work^ has shewn on the other hand that phenol was 12 
times as soluble in albumin as in water. The superiority of phenol oVer 
allyl alcohol as a germicide thus appears to be associated with its greater 
solubility in the protein-constituents of the cell. 

Table IX 

Distribution of allyl alcohol between protein and water 
I gram of protein and 25 c.c. of solution were employed at each concen¬ 
tration. 


Initial 

Final 

Amount 

Distribu¬ 

concentration 

concentration 

taken up by 

tion-ratio 

of allyl 
alcohol % 

of allyl 
alcohol % 

I gm. protein 


8% 

7 % 

.25 gms. 

3-6 1 

6% 

5-2 % 

.20 ” 

3-8 1 

4 % 

3 - 44 % 

.14 ” 

4-0 

2% 

I ■ 76% 

.06 ” 

3 -4 . 


* Amount of allyl alcohol taken up by i gm. protein divided by amount in i gm. of water. 

In conclusion, it is suggested that the bactericidal and protozocidal action 
of allyl alcohol is not due to a specific chemical interaction with the cell- 
proteins, (such as an additive reaction through the unsaturated group), 
but is associated with its physico-chemical (denaturating) action on their col¬ 
loidal suspensions. This view is supported by the fact that no evidence of a 
chemical interaction between allyl alcohol and amino-acids in aqueous solu¬ 
tion could be obtained. 

A similar attempt was made to study the distribution of benzyl alcohol 
between water and proteins in order to explain its inferior bactericidal power 
in comparison with its isomers, the cresols. Difficulties were met with, how¬ 
ever, in the estimation in dilute aqueous solution. 

Bromination gave results too low, the method tried being similar to that 
previously described. Attempts were next made with oxidation methods 
by means of permanganate, none of which, however, could be performed 
quantitatively. Oxidation with potassium bichromate also was not satis¬ 
factory, and this work has been left for the time-being. 

Simimary 

I. Unsaturated compounds in general tend to possess a higher bacteri¬ 
cidal and protozocidal action than the corresponding saturated compounds. 
This is illustrated by the cases of allyl and propyl alcohol, unsaturated and 
saturated fatty acids, and phenols and cyclohexanols. 


1 Cooper and Mason: J. Phys. Chem., 32 , 868 (1928). 
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a. Benzyl alcohol is a much weaker germicide than the isomeric cresols 
and even than the methyl-cyclohexanols. The attachment of the hydroxyl 
group to a cyclic structure is thus more favourable to high germicidal power 
than its presence in the side chain. 

3. Fumaric acid exerts a nore powerful action both upon bacteria and 
protozoa than the 'cis’ acid, maleic acid, although the latter is the stronger 
acid. Configuration is thus a more important factor than ionization. 

4. In general, unsaturated hydroxy-compounds possess a greater pre¬ 
cipitating action on proteins and lecitho-protein, than the corresponding 
saturated substances. The cresols are also more efficacious than their isomer, 
benzyl alcohol. 

5. By a quantitative study of the action of allyl alcohol on proteins, no 
evidence has been obtained of any chemical interaction through the unsat- 
urated grouping. 

It is suggested, therefore, that the superiority of unsaturated substances 
as germicides is associated with their greater physico-chemical capacity to 
induce precipitation or denaturation in colloid suspensions. 

A similar explanation is advanced to account for the greater bactericidal 
activity of the cresols over benzyl alcohol. 

Chemical Department. 

UnwereUy of Birmingham. 

January S 5 , 1929 . 



COPPER OXIDE IN THE BORAX BEAD* 


BT WILDER D. BANCROFT AND R. L. NUGENT 

Under the oxidizing conditions that have been described^ for manganese 
in borax melts, copper gives a beautiful, clear, blue glass. When the pro¬ 
portion of boric oxide in the melt is increased gradually, the blue first changes 
to a light apple green. With further increase of boric oxide, there is a sepa¬ 
ration of a reddish solid, which is presumably cuprous oxide. The same 
phenomenon occurs on changing a copper-borax bead from the oxidizing 
flame to the reducing flame. The natural assumption is that the change from 
blue to green is due to a reduction of a cupric compound to a cuprous one. 
With increase in the relative amount of boric acid, more of the cuprous com¬ 
pound is formed, until red cuprous oxide separates due to its insolubility in 
melts high in boric oxide. 

The first thing to be done in order to verify this assumption was to find 
a method of determining the ratio of cuprous to cupric compounds in borax 
glasses. The glasses were dissolved in a solution of ferric sulphate and sul¬ 
phuric acid. The cuprous compound present in the borax glasses reduces 
the ferric salt to ferrous salt and this latter can then be determined by titra¬ 
tion with permanganate. Since it is not convenient to weigh out ferric 
sulphate direct, we started with ferrous sulphate and converted it into ferric 
sulphate. To 150 cc water there were added 50 cc sulphuric acid and 10 g 
FeS04.7H*0. The ferrous sulphate was oxidized to ferric sulphate by means 
of three percent hydrogen peroxide, the excess of the oxidizing agent being 
removed by boiling and the resulting solution diluted with an equal volume 
of water. The final titration was made with 0.025 normal permanganate. 
A synthetic mixture of 0.0504 g cuprous oxide and 0.0496 g cupric oxide, 
containing therefore 0.0448 g cuprous copper, showed 0.00447 g cuprous 
copper by this method of analysis. 

When 0.05 g cupric oxide was heated in three grams of borax in the usual 
manner, analysis showed the presence of 15 percent cuprous copper in the 
melt. With three grams of a mixture containing 4.6 mol percent sodium 
oxide—an excess of boric oxide—the percentage of cuprous copper rose to 
about 21 percent. With an excess of alkali—1.6 mols sodium oxide to i mol 
boric oxide—the percentage of cuprous copper dropped to about 4. This 
indicates a shift of the cuprous-cupric equilibrium to the cupric side with 
the increase in alkalinity of the borax glass, which is similar to the behavior 
of the mang anese oxides in borax glasses. These figures for copper have not 

* This work is part of the programme now being carried out at Cornell University under 
a grant from the Heckscher Foundation for the Advancement of Research established by 
August Heckscher at Cornell University. 

^ Bancroft and Nugent: J. Phys. Chem., 33 , 481 (1929). 
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been checked as much as we should have liked and the absolute values may 
need correcting. There is no question, however, about the trend of the 
equilibrium with alkalinity. 

The green of copper glasses is evidently due to a mixture of cuprous and 
cupric compounds. This confirms and explains the results obtained pre¬ 
viously by Sir Herbert Jackson.* “If the proportion of cuprous onde intro¬ 
duced into the glass be about 8 per cent., the whole of it dissolves in the glass 
at the temperature of iooo°C, at which the glass is made. If the glass be 
chilled quickly from this temperature, no colour except the almost unavoid¬ 
able green colour due to the oxidation of part of the copper will be seen; the 
glass is a nearly colourless transparent one. On reheating this glass it is 
possible to produce, according to the temperatures to which the glass is 
raised and the length of time during which it is heated, comparatively large 
crystals or aggregations of crystals of red cuprous oxide, smaller crystals of 
the same form, or particles so small as not to be recognized as crystals under 
the microscope. Along with these are frequently obtained definite crystals 
of the yellow form, clouds of yellow particles, and if the reheating be gentle, 
the particles of yellow cuprous oxide are so small as to be irrevealable by the 
microscope, and what is obtained is a clear yellow trani^arent glass. Here, 
then, from two forms of one and the same oxide of copper, we have a range 
of colours associated with the proportions in which the two forms are mixed 
in the glass and with the size of their particles. What is the inner nature of the 
difference between the red and yellow forms, which may account for their 
difference in colour, is yet to be made out.” 

There is some evidence that there are not two formr of cuprous oxide; 
but that the color varies from yellow to red as the particles become coarser.* 
Sir Herbert Jackson implies that the green color is due solely to the cupric 
salt; but our experiments are conclusive that the green is always due to a 
mixture of cupric and cuprous salts. Our experiments do not show whether 
the green is due to a mixture of the blue of the cupric salt with the yellow or 
the red of the cuprous compoimd. Probably all possible gradations can be 
obtained by varying the temperature and time of annealing. 

The fact that the green is due to a mixture of cupric and cuprous com¬ 
pounds accounts for another observation by Sir Herbert Jackson. “The 
colours produced by cupric oxide in glasses and glazes need not be dealt 
with in detail, as there is much common knowledge about these. One or two 
points not in common knowledge may, however, be emphasised. In a glass 
of the same composition, cupric oxide may give a very marked blue colour 
if the glass is ma 4 e at a comparatively low temperature (looo® C. to i ioo®C.); 
whereas with the same concentration of copper and the same glass made at a 
higher temperature, about i3oo°C., for example, there is a very marked 
green shade in the blue. It is worth pointing out that the blue low-tempera¬ 
ture ^ass is green while hot.” 

* Nature, 120, 264 (1927). 

* Bancroft: “AppUed Colloid Chemistry,” 243 (1926). 
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The higher the temperature the larger will be the proportion of cuprous 
oxide when the other conditions remain the same, because the tendency of 
cupric oxide to dissociate increases with rising temperature. We cannot at 
present explain why the blue low-temperature glass is green while hot; but 
this is not an isolated phenomenon. We know why the ruby is red and not 
green but we cannot explain why the red ruby is green at temperatures 
above about 300°. It is possible that the change from green to blue on cooling 
the copper oxide glass is due to oxidation of cuprous oxide at the lower 
temperatures. 

It is not denied that one can get green crystals or solutions of cupric salts. 
(>upric chloride is a case in point. Sir Herbert Jackson is wrong, however, 
in saying that copper sulphate with one of water is colorless. WTien one 
eliminates the scattered reflection, the salt is green. In unpublished work 
by Mr. Rogers in the Cornell Laboratory it has been shown that for cupric 
salts the radical CU.3H2O is always blue while the radicals CU.2H2O and 
CU.H2O are always green. Nothing analogous to this has yet been discovered 
in the borax bead and the close parallelism between color and degree of 
reduction with the oxides of manganese and of copper makes it practically 
certain that the green color in copper glasses is due to the admixture of a 
cuprous compound and not to the presence of a green modification of a 
cupric compound. 

Sir Herbert Jackson has done one experiment which parallels our work 
to some extent, though the results are not so clear cut and there are no 
analyses. small quantity of cupric oxide does not dissolve in fused boric 
anhydride, but forms a white borate which is dispersed through the fused 
mass. [He means a colorless borate which makes the mass white.] The 
addition of an alkali will bring about solution and give a clear blue trans¬ 
parent glassy mass. The most striking example is to take boric anhydride 
and the alkali lithium oxide in, say, three different proportions, such as one 
molecule of lithium oxide to one, four, and ten of boric anhydride. With 0.5 
percent cupric oxide the first is a fine deep blue; the second is a paler blue; the 
third is still paler; and if the proportion of alkali oxide be lowered until 
there is only just sufficient to bring about complete solution of the cupric 
oxide in the mass, there is but little colour to be seen at all.” 

The deepening of the blue color for the same amount of cupric oxide with 
increasing amount of alkali is in agreement with our results. The difference 
is that there was apparently no green formed with the smaller amounts of 
alkali and no precipitation of cuprous oxide in the absence of alkali. The 
concentration of copper oxide in Sir Herbert Jackson’s experiments was less 
than half what it was in our work and there may have been a difference in the 
rate of cooling. Granger^ found that increasing the copper oxide content 
changed the color from blue toward green. If we write the reaction 4CuO = 
2CU2O + O2, it is evident that the glass should be less green the more dilute 

' Stillwell: J. Phys. Chem., 30 , 1441 (1926). 

* Compt. rend., 157, 935 ( 1913 )- 
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the solution. We have confinned this result. Increasing the copper content 
in a borax bead changed the color from a light blue to a deep green and the 
bead was full of a yellow substance, presumably cuprous oxide. 

The question of the rate of cooling as affecting the color comes up in ref¬ 
erence to another matter. “I must not deal further with cupric oxide glasses 
except to mention that, unlike cuprous oxide glasses, copper glasses, and 
many other coloured glasses, such as gold glasses, selenium glasses, cadmium 
sulpUde glasses, and opal glasses, cupric oxide glasses cannot be rendered 
colourless by sudden chilling, nor, indeed, can the tint of these glaiees be 
modified to any noticeable extent in this way. An attempt to explain this 
difference which seems to divide colouring agents generally into two classes, 
would involve a veiy lengthy account of the various phenomena which have 
been observed, and would, moreover, be to a considerable extent little more 
than a re-statement of facts which would involve differentiation between the 
meanings of such terms as ‘solution,’ ‘chemical combination,’ and ‘disper¬ 
sion,’ and would lead to much argument. 1 must content myself with this 
short and incomplete account of the modes of behaviour of copper and its 
oxides in glasses and glazes.” 

It would have taken fewer words to have said that we know that one 
group of coloimng agents forms colloidal solutions and that the other group 
occurs in true solution either as oxides or as compounds.' It is helpful to 
take one step forward whenever possible. 

These experiments enable us to understand the general behavior of 
cupric oxide in various glazes. Speaking broadly, cupric oxide gives a blue 
in alkaline glazes and green in lead glazes.^ ‘‘With an oxidizing atmosphere, 
copper in alkaline glazes gives a beautiful azure blue known by the name of 
turquoise blue. It becomes intense green in boracic or plumbiferous glazes.” 
There is no suggestion of any change in the nature of the oxide. When dis¬ 
cussing Egyptian pottery Birch* says: ‘‘When the object had assumed the 
intended shape, the glaze was laid on. It was composed of silica—probably 
a finely ground or triturated sand, and soda, to which were added certain 
metallic oxides to produce the colour required. For the fine celestial blue, 
which is still the admiration of all who view it, and scarcely rivalled after 
thirty centuries of human experience, an oxide of copper was employed. The 
green glaze, which, in many instances, seems to be the blue changed by the 
effect of time, is also stated to have been produced by another oxide of the 
same metal. The red glaze, but rarely seen, is conjectured to be a protoxide 
of copper; the violet, to be formed by an oxide of manganese [MnjOt], al¬ 
though capable of being produced by [colloidal] gold. Yellow was, perhaps, 
made with [colloidal] silver; the white glaze with tin, or a white earth. No 
very recent analysis has, however, been made; and it is to be regretted that 
we are compelled to acquiesce in the conjectures of archaeologists, rather 

' Bancroft: “Applied Colloid Chwiistry,” 438 (1926). 

> Bovirry: “A Treatise on Ceramic Indtistriee,” 349 (1911). 

• “History of Ancient Pottery,” 48 (1873). 
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than to adopt the tests of chemists. Of these colours the celestial blue [CuO] 
is the predominant one, the rest being occasional varieties, used for objects 
made in the Greek and Roman epochs, when foreign ideas and tastes had 
superseded the genuine national feelings.” 

In the next chapter, p. 90, Birch says: ‘‘The analysis, made in the Museum 
of Practical Geology, of the colours of the enamel employed in this brick [from 
Nimrdd], shows that the opaque white was produced with tin, the yellow 
with antimoniate of lead, the brown with iron, the blue and green with 
copper. The flux and glazes consisted of silicate of soda aided by lead.” 

In the Introduction, p. 4, Birch says: “The desire of rendering terra-cotta 
less porous, and of producing vases capable of retaining liquids, gave rise to 
the covering of it with a vitreous enamel or glaze. The invention of glass has 
been hitherto generally attributed to the Phoenicians: but opaque glasses or 
enamels, as old as the Eighteenth dynasty, and enamelled objects as early 
as the Fourth, have been found in Eg3rpt. The employment of copper to 
produce a brilliant blue-colored enamel was very early both in Babylonia and 
Assyria, but the use of tin for a white enamel, as recently discovered in the 
enamelled bricks and vases of Babylonia and Assyria, anticipated by many 
centuries the rediscovery of that process in Europe in the fifteenth century, 
and shows the early application of metallic oxides.” 

There are a number of interesting paragraphs in the article^ on ceramics. 
“It is surprising to note that some of the very earliest glazes were coloured 
glasses containing copper or iron (the green, turquoise, and yellow glazes of 
the ancient Egyptians and Assyrians). Marvellous work was wrought in 
these few materials, but the era of the finest pottery-colour dawns with the 
Persian, Syrian, and Egyptian work that preceded the Crusades. By this 
time the art of glazing pottery with a clear soda-lime glaze had been thor¬ 
oughly learnt. Vases, tiles, etc., shaped in good plastic clay, were covered 
with a white, highly siliceous coating fit to receive glazes of this type, and 
giving the best possible ground for the painted colours then known. With 
this rudimentary technique the potters of the countries south and east of 
the Mediterranean produced, between the ninth and the sixteenth centuries 
of our era, a t3rpe of pottery that remains ideal from the point of view of 
colour; for, with nothing more than the greens given by oxide of copper and 
iron, the turquoise of pure copper, the deep yet vivid blue of cobalt, the 
beautiful uncertain purple of manganese, and in certain districts the rich 
red of Armenian bole, they achieved colour schemes that have never been 
surpassed in their brilliant yet harmonious richness.” 

“The art of making a pottery consisting of a siliceous, sandy body coated 
with a vitreous copper glaze seems to have been known unexpectedly early, 
possibly even as early as the period immediately preceding the ist dynasty 
(4000 B.C.). Under the Xllth dynasty pottery made of this characteristic 
Egyptian faience seems to have come into general use, and it continued in 
use down to the days of the Romans, and is the ancestor of the glazed ware 

^Encyclopaedia Britannica, 5 , 706, 708, 710, 711, 726, 737 (1910). 
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of the Arabs and their modem successors. The oldest of Eg3rptian glazed 
ware is found usually in the shape of beads, plaques, etc.—^rarely in the form 
of pottery vessels. The colour is usually a light blue which may turn either 
white or green; but beads of the grey-black manganese colour are found.” 

“Characteristi'c of the Parthian period is a coarse green glazed pottery of 
which the slipper-shaped colBins of the time were made. This glaze possibly 
contains a small amount of lead; in appearance it is not unlike the contem¬ 
porary, translucent, blue glaze of Egjrpt. The Egyptian glaze certainly 
spread in to western Asia, and we find the last specimens of it in the tiles 
from the destroyed city of Rhagae in Persia, which may be as late as the 13th 
century A.D. The lead glazes, unknown in Egypt till the late Roman period, 
may be of Asiatic origin, though this important point is by no means clear.” 

“There is abundant evidence that pottery was made in-the Egypt of the 
Roman times and later with rich turquoise blue and yellow glazes, though the 
potters had learned to produce this glaze on a material containing more clay 
and less sand than that used in earlier days. We know also that they had 
learned that the addition of lead oxide to a glaze enabled such glaze to be 
applied on vessels formed from clay, which was sufficiently plastic to be shaped 
on the wheel.. . . Oxides of copper or iron were added to the lead glaze, and 
the resulting green or yellow glazes were applied to plain vases or to vessels 
decorated with moulded reliefs.... We have already spoken of the prevalent 
use of coloured glazes*in all the countries of the nearer East—from Egypt 
to Persia—^from remote times, either as the sole colour decoration or in con¬ 
junction with modelled or painted ornament. The fragments from Rai and 
Fostat include rich turquoise glaz^ (derived from the ancient Egyptians), 
deep and light-green glazes containing lead and copper, imitations of ancient 
Chinese celadon-green, a brownish-purple glaze, a coffee-brown glaze, and a 
deep cobalt-blue glaze.” 

For the majolica glazes “pigments were compounded from metallic oxides 
or earths* the yellow, from antimoniate of lead, which was mixed with oxide 
of iron to give orange; the green, from oxide of copper (the turquoise tint 
given to the Egj'ptian and Syrian glazes by oxide of copper is impossible with 
a glaze of lead and tin); and the greens were made by mixing oxide of copper 
with oxide of antimony or oxide of iron; blue from oxide of cobalt, used in the 
form of a blue glass; brownish-purple, from manganese; black, from mixtures 
of other colours; and the rare red or reddish brown, of Faenza and Cafag- 
giolo was probably the same Armenian bole that was used so magnificently 
by the makers of the Turkish pottery, but on the white enamel ground this 
colour was most treacherous and uncertain. It must be remembered that 
many of these colours owe their tint to the lead used in their composition, 
or to the grounds containing oxides of lead and tin on vdiich they were painted.” 

There are many passages by Burton^ which emphasize tke conffitions for 
forming blue or green with copper, though not understanding the chemical 
changes accompanyii^ the color changes. 


»“Porcelain,” 36, 38, 73, 75i 80, 82,135 (1906). 
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‘‘Oxide of copper with a flux or glaze rich in lead gives various shades 
of green; but when it is dissolved in a glaze consisting of alkaline or earthy 
silicates, it produces all those wonderful blue-green tints which the potter 
calls ‘Turquoise/ This beautiful tint of this turquoise is, however, de¬ 
stroyed by the addition of lead oxide or by firing to a high temperature. 
On the other hand, if the green or blue glazes obtained from copper oxide 
are fixed in a reducing atmosphere the colour changes to a marvellous red, 
which may be either brilliant and vivid, as in the finest red Lang-yao glazes 
of the Chinese, or opaque and liver-coloured as in those tints more commonly 
known as Sang-de-Boeuj, It has been customary to speak of these green, 
blue, and red tints obtained from oxide of copper as due to the formation 
of different silicates of copper. Such a view is hardly tenable, however, for 
there is nothing to show that the copper-cfompound exists in any different 
state of oxidation when it gives a green tint in a lead glaze or flux, or a blue 
tint in an alkaline mixture; while as to the red, copper-glazes, it seems prob¬ 
able that the tint ma^ be due to the presence of metallic copper in a state 
of excessively fine subdivision, and not to an oxide of copper at all. Speaking 
generally, too, it is wiser not to assume that any particular porcelain colour 
is due to the presence of a definite silicate of the metal, for it may more 
probably be due only to the solution of some simple or complex metallic 
compound in a mixture of glassy silicates, borates, etc.^^ 

“Certain coloured glazes can only be obtained either with glazes of special 
compositions or under definite firing conditions. The famous glaze, first 
made by the early Egyptians on their highly siliceous bodies, which is known 
to us as turquoise, is obtained from oxide of copper. But this especial tint 
can only be developed in glazes rich in soda and lime, and, moreover, the 
fine blue tint which is its special distinction is destroyed at a high tempera¬ 
ture. In the same way oxide of manganese will produce a beautiful purple 
colour comparable in depth and intensity to this turquoise, but only in an 
alkaline glaze fired at a comparatively low temperature. The appearance of 
glazes of fine turquoise and rich purple on Chinese porcelain is positive proof 
that the body of such pieces must have been first fired to the biscuit con¬ 
dition to make the ware translucent, and that the glazes themselves were 
subsequently fired at a much lower temperature. It will be noted that this 
involves a departure from the ordinary Chinese method of porcelain-making, 
and yet we have ample evidence from some such pieces as are described on 
page 66, that this practice was followed as early as the fifteenth century, 
before any porcelains had been made in Europe at all. 

“Another coloured glaze, made in the same way, is coloured with a yellow 
made from antimoniate of lead (the Naples yellow of the painter), which is 
also incapable of enduring the temperature needed to fire the body of Chinese 
porcelain; yet there can be no doubt that this yellow glaze, described by the 
Chinese as ‘Mi-se’ or ‘millet-coloured,' made its appearance at a very early 
period.^ 


^ Dr. Bushell states that this glass was first invented under the Sung dynasty. 
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“We may also mention that the Chinese made another yellow glaze, 
coloured with oxide of iron alone, but this was only invented at a later date 
when the porcelain body was exceedingly white and translucent, and the 
glazes highly refined. This is what is commonly known as 'Imperial' yellow, 
and was first used on pieces of excessive thinness which are either perfectly 
plain or have designs incised in the paste. 

“It will be seen, therefore, that many of these glazes, especially the tur¬ 
quoise, purple, antimony-yellow, and clear iron-yellow, afford indubitable 
proof that the Chinese first fired their porcelain to the biscuit condition, and 
then glazed it at a lower temperature, whenever it suited their purposes 
so to do.” 

“Originally, the enamel-colours appear to have been merely applied as 
thin ground-washes to enhance the value of the decoration painted in under¬ 
glaze blue, but the brightness and the jewel-like quality of the enamels, as 
well as the precision and delicacy with which they could be handled, soon 
brought them into more extended use, and we get the earliest pieces of the 
decoration so well known under its French title of famiUe verte, because of the 
predominance of a fine green-enamel, made from oxide of copper with a lead 
flux, which shines with the greatest brilliancy. Chinese porcelain decorated 
with on-glaze colours in which green predominates as here described, is almost 
invariably called ‘Ming’ porcelain by the dealers; but the true collector will 
not need to be told that ninety-nine per cent, of such pieces now to be met 
with are of much later date than the close of the Ming epoch.” 

The Chinese attribute to Lang t’ing-tso. Viceroy of Kiang-si, the province 
in which Ching-t6-ch6n is situated, two of the most beautiful of all their 
glazes, both of which bear the name of Lang-yao. “The first and the rarest 
of these is of a blue-green color, known as apple-green, while the second is 
the famous blood-red, which collectors are agreed is the crowning achievement 
in all that class of copper-red glazes, best known under their French title of 
Sang-de-Boeuf. ... It may perhaps be added that the two glazes, the green 
and the red Lang-yao, are apparently identical in composition, the remark¬ 
able difference in appearance being due to the fact that the green was fired 
in an oxidising and the red in a reducing kiln-atmosphere.” 

“In the earliest glazed pieces that we know—say of Sung and Yuan times 
—^the colouring substance was dissolved in the crude glaze and fired along 
with it. The first advance, said, by Dr. Bushell to belong to the later Sung 
times, was that of firet biscuiting the porcelain and then firing at a lower 
temperature glazes of the alkaline type used by the Persian and Syrian potters 
so as to obtain the turquoise tint from copper and the violet-purple from 
manganese. This plan has been followed at all subsequent periods, and in the 
reign of Kang-hsi the turquoise-coloured glazes, distinguished by the Chinese 
as ‘peacock green’ and ‘kingfisher blue,’ according as the tone is more green 
or blue (a change which can easily be effected by a slight difference in the 
firing temperature), were produced with surpassing excellence.” 

The experiments which we have done with borates agree exactly with the 
results obtained empirically by the Egyptians, the Chinese, and th^ followers. 



COPPER OXIDE IN THE BORAX BEAD 


737 


It is possible of course to obtain a green from blue cupric oxide and the yellow 
of ferric oxide or lead antimoniate. Apart from this we get blue with alkalies 
and at low temperatures, and green with lead oxide and at high temperatures. 
At high temperatures cupric oxide will dissociate more readily to cuprous 
oxide with the consequent formation of a green color. We have shown that 
at the same temperature there is less cuprous oxide in the melt the more alka¬ 
line it is. The experiments with the oxides of manganese^ showed reduction 
was greater when lead oxide replaced sodium oxide and the same thing will 
hold for copper oxide. 

Laurie^ has prepared a crystaUine, blue, double silicate of lime and copper, 
Ca0.Cu0.4Si02, which has an inversion point at 850^-900®, the inverted 
material turning green at about 900®. It has not yet been shown that the 
green glass contains cuprous oxide; but one can predict with great safety 
that it will. 

There is really nothing new about all this. It is contained, implicitly at 
least, in some work by Percy,® who is a bit hard reading because he reverses 
the ordinary nomenclature and calls cuprous oxide dioxide of copper, and 
cupric oxide protoxide of copper, although using the modern formulas. His 
atomic weights are different, because he takes the atomic weight of copper 
as 31.648. 

‘Trotoxide of copper, CdO, is the oxide which forms the base in ordinary 
salts of copper. According to Berthier, it melts at a white heat. It is as 
easily reduced as the dioxide, and by the same reducing agents. Favre and 
Maumen6 state that when protoxide of copper is exposed to about the melt¬ 
ing-point of copper, oxygen is given off in a regular stream, which, having 
once ceased, will not again occur, though the heat may be increased.^ In 
four experiments the loss of oxygen varied from 8.0 to 8.2 per cent, [as against 
nearly nine for the theoretical loss.] The product, which was melted, was 
black, and consisted of 2 CU2O + CuO. 1 had long previously found that 
when protoxide of copper was exposed in a clay crucible to a high temperature 
in a common assay furnace, it became brown and formed a sintered mass; 
but I was not sure that the reduction was the simple effect of heat, and 
thought that probably the partial reduction might have been caused by the 
gases of the furnace. . . . 

^^Berthier heated the following mixture of protoxide of copper and silica: 

3CUO = 0.421 gramme. 

4Si02 = 0.579 do. 

The product was only semi-fused and blood-red in colour, which proves that 
the protoxide [CuO] had been reduced to the dioxide [CU2O]. 

‘This experiment has been repeated by R. Smith. The proportions em¬ 
ployed were 1160 grains of protoxide of copper and 840 of silica. The mixture 

^ Bancroft and Nugent: J. Phys. Chem., 33 , 481 (1929). 

* Proc. Roy. Soc., 89 A, 418 (1924). 

* “Metallurgy,” 243 (t86i). 

* Berzelius: Jahresber., 1846 , 184. 
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was exposed in a fine-grained crucible to a high temperature during two 
hours. The product was fritted, and very similar in appearance to that ob¬ 
tained by heating a mixture of dioxide of copper and silica. Its upper surface 
was black, and where it was in contact with the crucible it was orange-col¬ 
oured. In order to be certain that the gases of the furnace in which the 
crucible was heated had not contributed to effect the reduction of the pro¬ 
toxide to the dioxide, the following eicperiment was made in a mufile, in wUch 
the atmosphere was oxidizing:— 

3CUO = 580 grains 
zSiOs = 440 do. 

“The materials were then intimately mixed, and the mixture was exposed 
in an uncovered platinum dish to a strong red heat in a muffle during 3^ hours. 
A sound, such as is produced by the evolution of bubbles of gas from a thick 
liquid was perceived during the process. The dish with its contents was left 
to cool in'the muffle. The product was detached in one piece from the plati¬ 
num; it was somewhat compact, semi-fused, opaque, and brown-red; the 
upper surface was black and porous. The platinum dish was attacked where 
it had been in contact with the mass. About half the product was again 
exposed during si hours in the same platinum dish in a muffle to a degree 
of heat approaching whiteness. No perceptible change occurred, except the 
blackening of the surface of the mass. From the preceding experiments it 
may be concluded that, under the influence of silica, protoxide of copper 
[CuO] is reduced to dioxide of copper [CU2O].... 

“The experiment was made by R. Smith of heating protoxide of copper 
[CuO] with silica and alumina. 

3CuO = 120 grains 
AI2O5 = 52 do. 

2SiOs = 92 do. 

The mixture was heated in a fine-grained crucible in the same furnace, and 
during the same time, with the crucible in experiment 2, p. 244. The product 
was melted, compact, and of a greenish-orange colour like that obtained 
in experiment 2 [where the charge contained dioxide of copper, CU2O]. . . . 

“The following experiment on borate of copper was made by Berthier:— 

CuO = 9.91 grammes. 

2BO8 = 14.72 do. 

The mixture melted easily without intumescence. The product was tenacious, 
opaque, and red-brown* in colour, spotted with blue. It contained cavities 
in which were brilliant prismatic crystals, some red and others of the finest 
blue colour. Part of the protoxide of copper must have been reduced to 
dioxide. 

“The following experiment was made by R. Smith:— 

3CUO = 240 grains 
zBOj = 140 do. 

The mixture was heated in an open Cornish crucible in a muffle, and in about 
twenty minutes fused easily at a red-heat; the product was a dark, greenish- 
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coloured glass when seen by transmitted light, but it was blue and iridescent 
on the surface. . . . 

Dioxide of copper heated with protoxide of lead. Experiments by R. Smith. 

CU2O = 720 grains 
PbO = 1120 do. 

The mixture melted at a low red heat; it attacked and traversed the substance 
of the crucible with great rapidity. The product is crystalline and reddish 
brown-black. 

CU2O =720 grains 
2PbO = 2240 do. 

The mixture melted as in the last experiment, and the product had nearly 
the same characteristics; its upper surface was coated with a black film having 
a semi-metallic lustre. It follows from these results that dioxide of copper 
is not in any degree oxidized when heated with protoxide of lead; for, other¬ 
wise, metallic lead would have been separated. 

Protoxide of copper heated with protoxide of lead. Experiments by R. 
Pmith 

CuO = 400 grains 
PbO = 1120 do. 

The mixture melted into a compact, hard, dull slag; its upper surface was 
black, crystalline, and metallic in lustre; the colour of its fractured surface 
varied from brown to black from below upwards. 

(^uO = 200 grains 

2PbO = I T20 do. 

The mixture melted into a crystalline, shining, dark-green slag, much softer 
than the last, and more resembling fused protoxide of lead in appearance; 
its upper surface was smooth, black, and semi-metallic in lustre.’^ 

While Percy does not call attention to the fact, the green color in the 
experiment just cited shows that there is more cupric oxide when the rahio 
of plumbous oxide is increased. The significance of Percy^s work seems to 
have been overlooked hitherto. Mellor^ says that ‘‘copper oxide dissolves 
in fused silicates producing blue or green glasses. The alkali silicates tinted 
by copper are blue.” The statement on the next page that the hydrated 
silicates are blue and the anhydrous ones are green is inaccurate as it stands, 
because dioptase and ‘idealized’ chrysocolla are both green, while CaO.CuO. 
48102 is blue. Thorpe- says that copper borate is readily obtained by treating 
a soluble borate with copper chloride or sulphate. It is blue, and used in 
certain oil paints and also in the colouring of porcelain.” 

Sir Herbert Jackson® has been misled by the apparently striking analogy 
between the colors of cupric salts in aqueous solutions and those in glasses. 
‘Tt would lead us into too much detail to do more than direct attention to 
the possible analogies between the action of water in solutions of cupric salts 

^ “A Comprehensive Treatise on Inorganic and Theoretical Chemistry,” 6, 340 (1925). 

• “A Dictionary of Applied Chemistry,” 1, 645 (1921). 

»Nature, 120, 265 (1927). 
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and the action of the oxides of tiie alkali metals in glasses coloured by cupric 
oxide. The change from blue to green just mentioned in the case of the low> 
temperature cupric oxide glasses calls to mind tire fact that a green solution 
of cupric chloride, which becomes blue when sufficient water has been added, 
becomes green again on heating it. A study of the changes of colour which 
can be produced in aqueous solutions and salts, and of the methods of modi¬ 
fying these colours, has been of great assistance to me in shortening the ex¬ 
perimental work necessary to arrive at the compositions of a number of glasses 
in which it was desired to produce certain colours either with copper or col¬ 
ouring agentiS.” 

This seems to be a case of a bad working hypothesis being better than 
none. We can have green aqueous solutions and green hydrated salts which 
contain no cuprous salt. The green copper glasses always contain cuprous 
oxide, so far as we now know. There is, therefore, no real parallelism. Lasareff 
and Lazarev* have compared the color of a blue borax glass with that of a 
copper sulphate solution. If we take the absorption for 590 m/i as unity 
in both cases, the absorption for 470-550 m/i is much greater in the case of 
the borax glass. The authors draw the conclusion that the color in the 
copper oxide glasses is different from the color of the ions and is not due to 
these. 

It is possible, however, to duplicate, in aqueous solutions some of the 
results obtained by Sir Herbert Jackson and by ourselves in fused melts. 
It has long been known^ that metallic copper can be obtained by using a 
high current density with a copper-wire anode in sulphuric acid. Cuprous 
sulphate is formed at the anode, which then decomposes to metallic copper 
and cupric sulphate. Mr. L. Y. Redman called our attention to the fact 
that, if we substitute a moderately concentrated solution of copper sulphate 
for the sulphuric acid, the decomposition of the cuprous sulphate gives a 
brilliant green color at the anode by reflected light. We have confirmed this; 
but have not analyzed the precipitate to see whether it is metallic copper, 
cuprous oxide, or a mixture of the two. By transmitted light the solution 
is blue. This system seems worth stud3dng in more detail. When the tem¬ 
perature is allowed to rise, the quality of the precipitate changes and the 
color of the solution becomes a dark olive-green by reflected light. So far 
as one can judge by the description, this duplicates pretty closely a glaze 
obtained by Sir Herbert Jackson.* 

“With many glasses made at a high temperature, cupric oxide gives an 
olive-green colour. Without going so far as to say ^t the dusky shade in 
the green is invariably due to some reduction of the cupric oxide to the lower 
oxide of copper, there is evidence of this in certain instances which I have 
come across. To take one: in making trials for a glass which was intended to 
be of a green colour with only a slight|tinge of olive in it, and of a sufficiently 

^ Compt. rend., 185 , 855 (1927). 

’ Fuoher: Z. Elektrodiemie, 9 , 507 (1993). 

' Nature, 120,266 (1928). 
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light shade to enable the light of a candle flame to be seen through a one-inch 
thickness of the glass, the furnace conditions happened to change so that the 
glass was exposed to a reducing atmosphere. The resulting glass was so black 
that a bright June sun was invisible through a piece of the glass one-fortieth 
of an inch thick. Such a state of affairs might be considered to come about 
by the glass being a mixture of red copper glass with a green cupric oxide 
glass, through which mixture but little light could be transmitted. Now red 
glass owing its colour to finely dispersed metallic copper is rendered colourless 
by fusing it and chilling it quickly. The black glass referred to might there¬ 
fore be expected to become green if fused and chilled quickly; but it did not 
change from its intense black colour. This just gives a hint of the possibility 
of a cuproso-cupric compound being present in the glass analogous to, though 
not so definite as ferroso-ferric oxide, the well-known black iron scale. 

“Again an analogy with solutions helps a little. If to a colourless solution 
of cuprous chloride in hydrochloric acid there be added a transparent green 
solution of cupric chloride, the mixture turns black. Although dusky greens 
and the black glass just referred to might be accounted for by varying mix¬ 
tures of red and green glass, the colour of this solution could scarcely be ac¬ 
counted for in the same way. Moreover in experimenting with red copper 
glasses, and studying the way in which the red colour can be prevented from 
developing by sudden chilling and can be produced by subsequent heating, I 
have repeatedly noticed that, instead of obtaining a clear colourless glass 
in bulbs made from the red glass and chilled quickly, the bulb has been some¬ 
times of a dusky hue and sometimes of a definite neutral tint. As no other 
colouring agent but copper was present in these glasses, I am inclined to at¬ 
tribute the neutral shade to a cuproso-cupric compound which is stable in the 
glass and is analogous to the compound formed when the cuprous and cupric 
chloride solutions are mixed, rather than to a physical mixture of red and 
green glasses.’^ 

This seems to be equivalent to explaining one unknown in terms of 
another. There is no independent evidence of any cuproso-cupric oxide 
which might be black in glass and the argument starts from what we believe 
to be an erroneous assumption, that the green in copper oxide glazes is not 
due to the presence of cuprous oxide. There could not of course be any cup¬ 
roso-cupric oxide in a concentrated hydrochloric acid solution, so Sir Herbert 
Jackson must be postulating a cuproso-cupric chloride in the aqueous solu¬ 
tion. Mellor^ says: “Cuprocupric chloride is said to be present in the brown- 
coloured solution formed when cupric chloride in acetone is allowed to stand; 
when a hydrochloric acid solution of cuprous chloride is oxidized; when an 
aqueous solution of cupric chloride solution is reduced on or at the cathode; 
when an aqueous solution of cupric chloride is electrolyzed. There is every 
sign that the alleged cuprocupric chloride is a mixture of the two chlorides. 

Anhydrous cupric chloride is yellowish-brown, dissolves in methyl alcohol 
to form a brown solution, and gives a yellow color with aqueous hydrochloric 

* “A Comprehensive Treatise on Inorganic and Theoretical Chemistry,” 3 , 159 (1923). 
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acid. Nobody knows whether cupric chloride increases the tendency of 
cuprous chloride to hydrolyze. While we do not yet know the actual cause 
of the black color in the aqueous solution of cupric chloride, cuprous chloride, 
and hydrochloric acid, it is certainly not justifiable at present to postulate a 
cuproso-cupric chloride. It should not be difficult to clear up this point. 

Granger found that glasses containing boric oxide and copper oxide 
had a very deep color and were almost opaque, the glass seeming blackish 
even by reflected light. 

We have shown how the new technique described in these two papers has 
simplified the question of the colors of manganese and copper oxides in 
glasses. It seems to us that all problems pertaining to the colors of glazes 
could be worked out easily and economically by studying the behavior of 
borax or phosphate beads. Of course the results would then have to be 
translated into terms of glasses; but that would be relatively simple so soon 
as one knew exactly what one was trying to do. In any soluble glass, it 
would be a simple matter to differentiate analytically between metallic copper 
and cuprous oxide. One could even analyze for all three substances, metallic 
copper, cuprous oxide, and cupric oxide if it were necessary. 

The direct experimenting with glasses is evidently not easy. Fuwa‘ has 
made a great many experiments on copper oxide in glasses and his results, 
as given in the abstract are both negative and misleading. On addition of 
metallic copper, cuprous oxide, or cupric oxide, he obtained colored glasses 
varying from light to dark blue. In general cupric oxide gave the deepest 
colors and copper the palest colors. This cannot be true if equilibrium was 
reached because the composition of the copper products in a given glass 
depends only on the amount of copper, the temperature, and the oxygen 
pressure. Familiarity with the phase rule would have enabled him to avoid 
this error. 

Fuwa also added oxidizing agents and reducing agents. With Cu(NOs)2 
6H2O—which he certainly did not have in the molten glass—he obtained a 
deeper blue than when he added cupric oxide alone. Addition of one percent 
potassium nitrate gave him a still deeper blue. Here again he could not have 
reached equilibrium. What he had done was to ovef-oxidize the melt. Ad¬ 
dition of five percent potassium tartrate to a one percent cupric oxide melt 
gave reddish colors. He must have reduced beyond the green stage. 

Granger’s experiments’’ are nearly as disappointing. He recognizes that 
cupric oxide gives a better blue with more alkali; but he does not find the 
difference between lead and soda glazes which all potters have found since 
the time of the early Egyptians. The most probable explanation for his re¬ 
sults is that his glasses oxidized at a J temperatures, thus throwing his results 
out. This is made practically certain by one experiment in which a film 
of copper formed on the surface of a chill-cast piece of glass, while the mass 
of the glass was blue. Unless the metallic copper was formed by the reaction 

> Chem. Abs., 19,478 (1925). 

»Compt. rend., 157, 935 (1913). 
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of the molten glass with the metal mold—and he does not mention that 
possibility—the cupric oxide must have been pretty well dissociated at the 
high temperatures and his glass should have come out either green or red. 

Granger considers that the color depends on the ratio of cupric oxide to 
bases and not on the silica content. This may be true; but his experiments 
do not justify the conclusion. Since he gets a blue when he should get a green, 
the change due to the silica content may be within his experimental error. 
He does find that presence of boric acid increases the tendency of the glass to 
turn green and he finds a similar effect with alumina, which we had not tried, 
our experimental work having been finished before we read Granger’s article. 

1. It is possible to determine cuprous oxide and cupric oxide in borate 
glasses by treating with acidified ferric sulphate and titrating the ferrous 
sulphate formed by oxidation of the cuprous oxide. 

2. It would also be possible, though it did not come within the scope of 
this paper, to determine metallic copper and cuprous oxide in the same way 
and thus decide whether a given red color was due to copper or to cuprous 
oxide. 

3. When copper oxide is used to color a boric acid glass, there is some 
reduction to cuprous oxide. The percentage of cupric oxide in the melt in¬ 
creases with increasing alkalinity and decreases with rising temperature. 

4. When lead oxide is substituted for sodium oxide, the percentage of 
cuprous oxide increases. 

5. Cupric oxide gives a blue color to glasses; the green color is due to 
the presence of cuprous oxide. It is for this reason that copper oxide gives a 
blue in alkaline glazes and a green in lead glazes. Our results confirm those 
of Percy and of Sir Herbert Jackson, and are in agreement with those of the 
potters of all countries. 

6. While green glazes can be and have been made with blue cupric oxide 
and yellow ferric oxide or lead antimoniate, the copper greens are not usually 
so made. 

7. The blue of Ca0.Cu0.4Si02 is in accord with the theory; but it has 
not yet been shown that the green color of the glass obtained by heating 
above 900® is due to presence of cuprous oxide. 

8. While there is a very strong apparent analogy between the blues and 
greens of cupric salts in aqueous solutions and the blues and greens in glazes, 
this analogy is superficial and misleading. The green of cupric salts in pres¬ 
ence of water depends so far as we now know, on there being not more than 
two molecules of water attached to the copper. In the glazes the green is 
due to the presence of cuprous oxide and is never, so far as we now know, a 
color of cupric oxide. Dioptase and chrysocolla appear to belong in one 
group and Egyptian blue, Ca0.Cu0.4Si02, in the other. 
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9. It should be both easy and economical to make a prdiminary study of 
all questions concerning the colors of glazes in borate beads. 

10. So far as the color of glass is affected by aluminum oxide, stannic 
oxide, titanium oxide, arsenious oxide, zirconium oxide, cuprous oxide, cal¬ 
cium phosphate, gold, copper, selenium, tellurium, and cadmium sulphide, 
thew substances appear to be in colloidal suspension. So far as the color of 
glass is affected by cupric oxide, chromic oxide, cobaltous oxide, ferrous oxide, 
ferric oxide, manganic oxide, and antimony oxide, these substances appear to 
be in true solution. This statement is not in conflict with the fact that, 
under certain circumstances, it is possible to have ferric oxide and ferro- 
ferric oxides in colloidal suspension, as in the obsidians. 

Cornell Vnivenity 



THE EFFECT OF SALTS ON WEAK ELECTROLYTES 
HI. Interaction of Certain Weak Electrolytes 


BY HENRY 8. SIMMS* 

I. Introduction 

In the two previous papers^ it was shown that the ionic activity of weak 
electrolytes in dilute solutions is markedly affected by the presence of strong 
electrolytes. NaCl was found in general to give effects on weak acids in 
agreement with the limiting Debye-Huckel equation (providing we modify 
it to allow for the distance between charges in divalent acids). The anomalous 
effects produced by Mg^^ and SO4" were studied. Amines and ampholytes 
were found to be abnormal with all salts. 

It has also been shown^ that in the case of oxalic acid the large effect of 
MgCL is antagonized by the addition of NaCl or KCl. Likewise® the effect 
(in the opposite direction) of Na2S04 is antagonized by NaCl or KCl. In 
either case, large additions of Na(vl or KCl tend to produce the effect of these 
salts alone, drowning out the effects of the anomalous salts. These antag¬ 
onisms follow equations indicating a mechanism involving a mass action effect. 

Similarly Na(^l, KCl and MgC^L each lower the pH of gelatin solution 
(original pH 7.367) when present alone; but the addition of a small amount of 
a second salt raises the pH; more of the second salt lowers the pH; and still 
more again raises the pH of the solution. For details one must consult the 
original paper.^ 

Exactly the same phenomena are produced by the addition of salts to 
glycine solutions^ showing that this salt antagonism is unquestionably non- 
colloidal in character. 

On the assumption that such anomalies are due to inactivation of a weak 
electrolyte by a strong electrolyte, it seems advisable to determine whether 
one weak electrolyte may be inactivated by another weak electrolyte. 

n. Effect of Glycine on H3PO4 Titration with Salts 

In the present paper we find, first, that the presence of glycine causes a 
drop in Pki' of H3PO4. This drop increases with addition of salt, being great¬ 
est at zero ionic strength (extrapolated). (See Fig. i). 

* From the Department of Animal Pathology of the Rockef eller Institute for Medical 
Research, Princeton, N. J. 

1 Simms: J. Phys. Chem., 32, 1121, 1495 (1928). 

* Simms: J. Gen. Physiol., 12, 241 (1928). 

* Simms: J. Gen. Physiol., 12, 259 (1928). 

* Simms: J. Gen. Physiol., 13, 511 (1929)- 

^ Simms: (Unpublished). 
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m. Effect of Various Aiuounts of Glydne on HPOr* Acffvitjr 

This indicates that the glycine inactivates the phosphate diion (HPOO 
perhaps by means of a loose combination. In order to study this we pre* 
pared solutions of H}P04 with 1.4 equivalents of NaOH containing varying 



P^Z of H5PO4- 

Fia. I 

Effect of Glycine on Pk'i of HiPOi in the presence of ealts. 

amounts of glycine. The results are plotted in Fig. 2 where it is evident that 
the effect on the Pk' reaches a maximum and then decreases per increment 
of glycine added. This is, however, only an indirect measure of the effect on 
the activity. 

If we calculate the remaining activity / of HPO4“ ion (see Table II) the 
fraction inactivated by glycine is (i — /). Plotting / against log cq (i.e., log 
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of the glycine concentration) gives a symmetrical S-shaped curve indicating 
a mass action mechanism. (Fig. 3). 

We may moreover calculate a mass action constant k from the equation: 


_ [Glycine] X [HPOD 
[Combined] 



0.40 



where the free HPOr equals/ apCp and the combined HPO4"" equals (i —/) apCp, 
see Table 11 . It will be observed that it is the neutral (zwitterion) form 
of glycine which does the inactivating. Correction was made for the degree 
of ionization of glycine in each solution. 

IV. Effect of Phosphate and Other Polyvalent Anions on Glycine 

One would expect from the above that if HPO4"" inactivates neutral 
glycine, then the reverse should be true and the presence of phosphate should 
affect the ionization of glycine. This is found to be so. In Fig. 4, if we com¬ 
pare the NaHP04 curve with that of NaCl, it will be seen that NaiHP04 
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raises Pkj' of glycine to an extent depending on the amount of phosphate. 
The direction of the effect agrees with the above assumption that HPO* and 
neutral glycine inactivate each other. 

To determine if this effect is specific for phosphates, we substituted 
Na2S04 (since H2SO4 is the only other suitable inorganic divalent acid and 
since it is known to produce anomalous effects). The curve for Na2S04 in 
Fig. 4 shows that SO4"" ion produces the same result as HP04“ ion. It there¬ 
fore appears that 804* also inactivates neutral glycine. 



Effect of salts on Pk' of succinimide 

If this effect is dependent upon the electrostatic charge on the sulfate and 
phosphate ions it is to be expected that the polyanions of organic acids 
should also produce the same effect. A study of glycine in the presence of 
the sodium salts of oxalic, succinic and citric acids shows that these salts 
in very dilute solution (0.0 i^t) behave oppositely, but in higher concentration 
(o.iju) behave the same as SO4“ and HP04* ions. 

A more careful examination of the Na2HP04 curve shows that in very 
dilute solution it too tends to have the opposite effect to that in higher con¬ 
centration. Apparently all these salts have the same effect (of raising PK2' 
of glycine) in the higher concentrations (studied up to 0.2/x) but that they 
differ in their tendency to produce the opposite effect at lower concentration 
(about o.oi/x)- The order of the latter effect is: 

oxalate > succinate > citrate > phosphate > sulfate. 
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V. Effect of Polyvalent Anions on Sucdnimide 

Succinimide is a very weak acid (Pk 9-560) ionizing in the Pb lange suit¬ 
able for studying its effect with HPOi”. We have already seen that pro¬ 
duces anomalous effects on both Pk/ and Pki' of divalent weak acids (such as 
malonic' and oxalic*). With succinimide we may study a monovalent weak 
acid not only with sulfate but also with phosphate diions, and furthermore 
with the diions of weak acids. 

The results are shown in Fig. 5. The curves of Na2HP04 and Na*S04 show 
that their effect on succinimide isverysimilartotheireffectonglycine(Pig.4). 
Furthermore, the organic salts have a similar, but more marked, effect on 
succinimide. 

There is a gradual transition in the shape of the curves as we pass from 
sulfate, to phosphate, to citrate, to succinate, and to oxalate. The differ¬ 
ences are quantitative rather than qualitative. It would appear that the 
same effect is produced by all these ions in less dilute solutions but that they 
differ in their behavior in more dilute solutions (o.oim). 

VI. Conclusions 

The observations do not warrant any definite explanation. Glycine causes 
a drop in Pkj' of H8PO4 (the effect being decreased by addition of salts). 
NasHP04 causes a rise in Pkj' of glycine. These results suggest that neutral 
glycine and the phosphate diion (HPOi”) inactivate each other. On this 
basis a consistent mass action constant can be calculated. 

The assumption of such a mechanism necessitates that we also assume 
that the diions of sulfates, succinates, and oxalates and the triion of citrates, 
all inactivate neutral glycine and nonionized succinimide (and other weak 
acids; and, to a less extent, monoions of divalent weak acids). 

These observations may find their explanation in the work of LaMer 
and his collaborators* who explain some anomalies of polyvalent ions on the 
basis of neglected terms in the Debye-Hiickel equation. 

In more dilute solution (o.oi/u) the salts of divalent anions tend to pro¬ 
duce an effect opposite to the above effect at o.2n. The order of this effect is 
the same with either glycine or succinide, namely: oxalate > succinate > 
citrate > phosphate > sulfate This order is rather strange since the size of the 
ion and the distance between the charges of oxalate diion are about the same 
as with phosphate and sulfate diions; while succinate and citrate ions are 
larger ions and have more remote charges'; furthermore the citrate ion has a 
higher charge. 


Vn. Experimental 

The experimental methods are fully described in previous papers. The 
data are given in Tables I to IV. 


• LaMer, King and Mason: J. Am. Ghem. Soc., 49,363; LaMer and Mason: 410 (1937). 
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Table I 


Effect of^Glycine on Pk/ of Phosphoric Acid in the Presence of Salts (o.oioo 


M NaH2P04 plus NaOH, and 0.0750^ (C. — ) or 

0.03 7 SM (D.- 

-) of 

NaCl or MgCh; each solution being measured both without glycine 

and in the presence of a.07 5 molar glycine) 



SIaU 

b — a 

Without glycine 

With glycine 

i98ilL 

c 

y/T Ph 

Pk,' 

Ph 

Pk/ 

C.-MgCU 

1.196 0 

.298 5.809 

6.421 

s-783 

6-395 

D.-MgCU 

1.196 

.227 6.012 

6.624 

s-974 

6.586 

No salt 

1.196 

.118 6.445 

7-057 

6.370 

6.982 

D.-NaCl 

1.196 

.227 8.287 

6.899 

6.223 

6-835 

C.-NaCl 

1.196 

.298 6.206 

6.818 

6.147 

6-759 

C.-MgCla 

1.294 

.302 6.045 

6.427 

6.017 

6-399 

D.-MgCh 

1.294 

.231 6.259 

6.641 

6.216 

6.608 

No salt 

1.294 

.126 6.651 

7 033 

6-577 

6-959 

D.-NaCl 

1.294 

.231 6.501 

6.883 

6.440 

6.822 

C.-NaCl 

I 294 

.302 6.423 

6.805 

6.367 

6-749 

C.-MgClj 

1.392 

.305 6.228 

6.419 

6.193 

6.384 

D.-MgCU 

1.392 

.236 6.440 

6.631 

6.396 

6-587 

No salt 

1-392 

.134 6.824 

7-0x5 

6.749 

6.940 

D.-NaCl 

1-392 

.236 6.682 

6.873 

6.6II 

6.802 

C.-NaCl 

1.392 

.305 6.600 

6.791 

6-541 

6.732 



Table II 




Effect of Glycine on HPO. 

“ Activity as shown by Pk/ Values of Phosphoric 

Acid,—Calculation of Inactivation Constant k. (0.0100 M NaH2P04 

plus 0 

400 equivalents of NaOH plus 

various amounts of glycine) 

Glycine 






concentration 

Pa 

ap 

Pk.' 

f 

k 

0 

6.832 

0.400 

7.008 



0.0150 

6.822 

•398 

7.002 

0.959 

0.37 

•037s 

6.802 

• 39 S 

6.987 

.927 

.48 

•07s 

6.756 

•391 

6.948 

-8S 

.42 

.150 

6.70s 

•38s 

6.908 

•77 

-45 


6.580 

•370 

6.8II 

.62 

•49 

1.00 

6.137 

•369 

6.369 

. 22 

.29 

3.00 

5-77 

• 361 

6.02 

. 10 

•33 



Average. 



...0.40 


The degree of dissociation into HPO^ is given by 


, , Co 

ftp « 0 — I — 

where 6' is the corrected equivalents of base (1.400); cg and cp are the con¬ 
centrations of glycine and phosphate, respectively; and ao is the degree of 
dissociation of glycine (Pkj' taken as 9.68). 
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1 —■ ap 

/is calculated from:/ = io***^~^* where Pk “ 7.020 


k is calculated from: fc == Co where i — / is the fraction of HPO " 


1 -/ 


inactivated by glycine. 


Vn. Sununaiy 

1. The presence of glycine lowers the value of Pki' of HyPOt, this effect 
being antagonized by increasing concentrations of salts. 

2. With increasing amounts of glycine the drop in HP04“ activity per 
increment of glycine added is foimd to reach and pass a maximum, indicating 
that neutral glycine inactivates HPO4** ion. This obeys a mass action formula: 
k=CG ^ where i-f is the fraction of HPO4 = inactivated by glycine, and Co 
is the concentration of glycine. 


3. NajHP04 was correspondingly found to increase Pr/ of glycine (as 
would be expected). A similar effect on glycine is produced by Na8S04. 

4. In concentrations approaching 0.2n sodium oxalate, sodium succinate 
and sodium citrate give curves parallel to that of NajHP04, in their tendency 
to increase Pki of glycine. However o.oiju of these salts tend to decrease 
Pkj' of glycine in the order: 


oxalate > succinate > citrate > phosphate > sulfate 

This order does not agree with the size of the respective ions or with the dis¬ 
tance between the charges. 

5. The above salts produce the same effects on Pk of succinimide (a weak 
acid) as they do on Pki of glycine. The curves are qualitatively the same; 
are in the same sequence; but are more separated. 



A MECHANICAL MODEL OF AN ASYMMETRIC 
CARBON ATOM 


BY H. G. TANNER 

It has been pointed out by Le Bel and van't Hoff independently that 
optically active liquids and vapors were usually composed of molecules con¬ 
taining a chemically assonmetric carbon atom. Most of the experimental 
work which has followed their publications has been strictly chemical in its 
aspect. The evidence, taken as a whole, is very convincing that the optical 
rotational effect is localized about certain atoms rather than molecules. 
However, the fact that a molecule possesses an atom asymmetric from the 
chemical point of view is alone incapable of explaining such data as the 
variation of optical rotation with temperature, concentratiou, solvent, wave¬ 
length, etc. Light is an electromagnetic phenomenon, ahd' since cbeinical 
formulas do not express electromagnetic characteristics of matter, an ex¬ 
planation of optical rotation can never be based upon purely chemical reason¬ 
ing. On the other hand, the presence of a chemically as5Tnmetric carbon 
atom in a molecule will without doubt remain a very practical indication of 
optical rotation. 

Numerous physical and mathematical theories have been offered in ex¬ 
planation of optical rotation. In all cases an asymmetric structure of some 
sort has been assumed. This paper describes the construction and functioning 
of a mechanical model of an “asymmetric” carbon atom, the analogy being 
based upon the single postulate that electrodynamical as3rmmetry of the 
four valence “bonds” is responsible for the optical activity of the “asym¬ 
metric” carbon atom. It is hoped that through the study of this mechanical 
model a clearer understanding of optical rotation generally as well as spe¬ 
cifically can eventually be evolved. 

Valence bond electrons are known to function as electrical oscillators. 
Let the four valence “bonds” about a carbon atom be asymmetric in their 
tendencies to oscillate. When light disturbs such a system the four “bonds” 
will be forced to oscillate at the frequency of the incident light. By hy¬ 
pothesis their maxima of reaction will return to the central point at slightly 
different time intervals. This will cause a change in the phase relationships 
of the incident wave, and thereby orient the plane of vibration. 

Although the valence “bond” itself may be regarded as an electrical 
oscillator, it is actually only a part of a complex electrical system. Its 
electrical freedom is undoubtedly determined to a large extent by the atomic 
structures on each “end.” The “bond” is the connection between two 
complex electrical systems which include not only the contiguous atoms 
but all of the atoms of each radicle, should they be complex radicles. Position 
of the atom in a radicle would also be expected to affect the electrical char¬ 
acteristics of the “bond” between the radicle and the as3rmmetric carbon 
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atom. The importance of chemical as3rmmetry in conjunction with optical 
rotation is thus explainable by this theory. It seems reasonable to suppose 
too, that attractions of solute and solvent molecules, temperature, etc., 
would affect the electrical characteristics of each of the four radicles about 
the carbon atom more or less independently. If therefore, the oscillatory 
characteristics of the valence “bonds’’ joining the asymmetric carbon atom 
with its radicles be functions of the electrical stresses and strains in the latter, 
and if optical rotation depends upon these oscillatory characteristics, then a 
qualitative explanation can be offered for most and perhaps all of the data 
concerning optically active solutions. 

If the above theory is to be tested 
by the construction and study of a 
model it would be desirable from the 
standpoint of directness to employ a 
model that would function electrically. 
This would necessitate the use of 
short radio waves as the beam of “light,” 
and perhaps an asymmetric set of 
antennae to serve as the “asymmetric” 
carbon atom. Such an arrangement, 
however, would be very inconvenient of 
manipulation, and the functioning of this 
“atom” would have to be made visible by 
indirect means. For reasons, therefore, of simplicity, convenience, and visibil¬ 
ity a mechanical analogy was adopted instead. 

The accompanying photograph shows the atom model detached from the 
flexible “wave-cable” which passed vertically through the center of the 
“atom.” Four springs Si, S2, Ss, and S*, are stretched between steel posts 
appropriately arranged in a wood ring, K. The springs may be adjusted to 
any desired degree of tension, and are held by sliding sleeve clamps. Usually 
they were adjusted so as to be distinctly asymmetric in their degree of tension. 
Judged by the sounds emitted when plucked their fundamental frequencies 
lay between 10 and 150 per second. 

Attached to the centers of these springs are four stiff wires A, B, C, and D. 
These wires meet at the central point O, (corresponding to the asymmetric 
carbon atom kernel), at which point they were attached by adhesive tape to 
the “wave-cable” (not shown). For convenience in defining directions these 
wires will subsequently be termed “valence wires” since they have the direc¬ 
tions of the conventional carbon valence “bonds.” 

The cable in which the waves were produced was 13 meters in length, 
made of No. 16 B. and S. gauge steel wire closely wound into a helix 9 mm. 
in diameter. The upper end was attached to the mechanism for producing 
the waves. A reciprocating motion produced the linearly (“plane”) polarized 
waves. A frequency of 150 per minute was used. The wavelength was 
approximately 2 meters. When circularly polarized waves were desired 
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the cable was attached by means of a ball bearing support to a horizontal 
wheel which could be rotated at any desired speed in either direction. In the 
experiments described below only one speed, 150 rpm, was used. The ball 
bearing support prevented the cable being twisted when the wheel was 
rotated. 

The ‘‘atom^^ was affixed about midway down the length of the cable. Origi¬ 
nally it was intended that several asymmetric “atoms” be “strung” on the 
cable in order that racemization effects could be studied, but it was found that 
the cable was of insufficient length to permit the effects of more than one 
“atom” to be observed satisfactorily. About half of the length of the cable 
was required for the waves to become true in form, and the remainder was 
required for their observation after having passed through the “atom”. 

Much difficulty was encountered in preventing reflection of waves from 
the lower end of the cable. The trouble was finally overcome by wrapping 
the last three meters of its length with “electricians^ friction tape” and 
surrounding it with a sheet metal cone of gentle taper. The cable terminated 
in the apex of the cone and the latter was anchored to the basement floor. 
Waves entering this cone were very effectively absorbed. 

When linear waves were being used the “atom” rested upon a wood frame 
of such construction as to allow the “atom” to be tilted through an angle of 
60° or oriented around a vertical axis t8o®. 

Using linear waves, and setting the “atom” in a horizontal position as 
shown in the photograph, the following observations were made. 

(1) Waves passed through without orientation or change of form if the 
plane of the incident beam coincided with either of two planes of the “atom” 
containing A OB or CX)D respectively. These are planes of easy vibration 
and are two of the six planes of geometrical symmetry of the “atom.” Un¬ 
doubtedly the other four would act similarly. 

(2) When the plane of the incident beam did not coincide with either 
of these two above mentioned planes of the “atom” the emergent wave was 
elliptical in shape, and the major axis of the ellipse was oriented relative to 
the plane of the incident beam. The direction of orientation was sometimes 
clockwise and sometimes counterclockwise. 

(3) The direction of rotation of the emergent elliptical wave was always 
the same as the direction of the orientation of its major axis. 

(4) If the springs Sa and S4 were weaker than Si and S2, and the plane 
of the incident waves was midway (in either pair of quadrants) between the 
planes AOB and COD, the emergent wave had its major axis oriented toward 
COD. If Si and S2 were made the weaker pair of springs, and the incident 
beam in the same position as before, the emergent wave had its major axis 
oriented toward AOB. 

Although the emergent wave in each case was oriented toward the plane 
of greater “weakness” in the “atom,” it would be unsafe to draw a general 
conclusion until the effect has been studied with resonance considerations, 
for it may be that the wave would be oriented toward a plane through the 
“atom” iq which there is a greater approach toward resonance. 
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(s) Moderate changes in the angles between the “valence wires” produced 
no observed change in behavior. Perhaps there was so much distortion of 
these angles when the “atom” was in motion that distortion in the stationary 
shape of the “atom” was of negligible consequence. 

Since the incident wave was oriented clockwise by the “atom” in some 
positions, coimterclockwise in other positions, and not at all in still other 
positions,* in order to determine whether or not the mechanism was asym¬ 
metric in its transmissive characteristics, the sum of the tendencies to orient 
the waves in each direction had to be determined. Direct measurements of 
the angles of orientation for many different positions of the “atom” relative 
to the plane of the incident beam were attempted, but their accuracy was 
insufficient to warrant conclusions. A more sensitive test was therefore de- 




Fia. 2 

vised. This test was an application of Fre.sners corollary* that an optically 
active substance should transmit with greater ease circularly polarized light 
rotating in one direction than light rotating in the reverse direction. 

If matter be not perfectly transparent circularly polarized light will tend 
to rotate matter, and the greater the resistance offered to transmission the 
greater will be the torque. It follows from Fresnel’s corollary, therefore, that 
an optically active atom (molecule) should have a greater tendency to be 
rotated by circular light of one direction than of the other. 

To determine the relative resistances of the mechanical “atom” for the 
transmission of the two oppositely rotating circular waves the “atom” was 
suspended by four vertical strings two meters long. The arc through which 
the “atom” itself was rotated became a measure of the resistance for the 
transmission of circular waves. 

Fig. 2 shows diagramatically the positions which the “atom” assumed 
when circular waves of the two directions were passed through it. The pro¬ 
jections are made as though the plane of the paper passed horizontally through 
the center of. the “atom.” The solid lines of the square represent the two 
upper springs, and the dashed lines the two lower springs. They are numbered 
in the order of their tension, number i being the spring under greatest tension. 
The inscribed eccentric ellipse is an approximate projection of the path 
traversed by the point of attachment of the “veJenoe wires” to the cable. 

' A similar behavior for an optically active molecule was hypotheuced by J. F. W. 
Herschel numy years ago. Trans. Cambridge Phil. Soc., 1,43 (1822). 

‘ Fremel: Ann, Chim. Phys., 25,147 (1825). 
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This line therefore describes the form of the emergent wave also. The circle 
represents the incident wave form. Arrows indicate directions when looking 
downward along the line of wave propagation. 

When counterclockwise circular waves were used the “atom^’ was rotated 
through an arc of 30®, as indicated by A. B shows the position of the springs 
and the ‘‘atom^^ when at rest. C indicates the effects of clockwise waves. 
In this case the ^‘atom'^ was oriented 70®. These data conform with the 
deduction from Fresnel’s corollary surprisingly well. 

Additional evidence that the mechanism was functioning asymmetrically 
toward the two species of circular waves came from the observation that 
there was more confusion in the incident beam (due to reflection from the 



‘‘atom”) when clockwise waves were used than when counterclockwise waves 
were employed. The latter proceeded through the “atom” smoothly and 
with less diminution in amplitude. 

The strongest evidence, however, that the “atom” was functioning asym¬ 
metrically, came when the above experiments were repeated with the 
“atom” inverted. The “atom” still transmitted preferentially the counter¬ 
clockwise waves. Furthermore the relative resistances for the two kinds of 
waves was the same, within the accuracy of measurement. The data are 
summarized by Fig. 3 in which A, B, and C have interpretations correspond¬ 
ing with Fig. 2. The numbers identify the same springs. 

It might be added that since the asymmetry of the “atom” was a function 
of the relative spring tensions, the effects upon incident waves could be in- 
creaed or decreased in magnitude, or reversed in direction merely by changing 
the tensions of the springs, or reversing their relative order. 


Summary 

Based upon the postulate that electrodynamical asymmetry of the four 
valence “bonds” of the carbon atom is the fundamental cause of the optical 
activity of the chemically asymmetric carbon atom, a mechanically analogous 
model has been constructed. This mechanical “atom” rotated the plane 
of “plane” polarized mechanical waves, and transmitted preferentially one 
of the two species of circularly polarized waves. 

Department of Chemistry ^ 

University of Oregon, 

Eugene, Oregon. 




THE APPLICATION OF THE LOGISTIC FUNCTION TO 
EXPERIMENTAL DATA* 


BY LOWELL J. BEED AND JOSEPH BEBKSON 

An extensive use has been made of this function for the elucidation of re¬ 
search problems in many fields. Yet in almost all cases, the mathematical 
phases of the treatment have been faulty, with consequent cost to the pre¬ 
cision and validity of the conclusions drawn. Indeed, in numerous instances 
that have come under our notice, erroneous inferences were drawn as a re¬ 
sult of a misconception of certain mathematical characters of the function. 
We deem it important, for these reasons, that a review of the basic proper¬ 
ties of the equation be made, and some methods for its analysis indicated, 
towards which end this paper is contributed. 

The curve has been frequently referred to as that of an autocatalytic 
reaction, from the fact that Ostwald applied it to a class of chemical reactions 
subsumed by him under that term. As will be illustrated below, however, 
it is descriptive of processes, even in the field of chemistry, in situations 
where the concept of autocatalysis has no place. We would recommend, there¬ 
fore, that the more general term ‘logistic,” which does not commit it to any 
specific mechanism, be retained in its stead. 

The equation expressing the fimction is as follows: 

Logarithmically expressed it is 

In ^ ~ ~ InC -hrt ( 2 ) 

y - d 

The differential form is 

g = l[y-d][K-(y-d)] (3) 

y is the dependent variable 

t is the independent variable 

K, d, r, and C are parameters 

In signifies the logarithm to the base e 

K is the distance between two asymptotic values of y, and so demarks the 
range of the limiting values of y. 

The quantity d is a constant which must be algebraically subtracted from 
y; it is this difference which varies logistically with L In an experimental 

* This paper is issued jorntly from the Department of Biometry and Vital Statistics 
and the Institute for Biological Besearch of the Johns Hoiddns Univeraity. It constitutes 
No. 148 in the numbered series of publications of the Department of Biometry and Vital 
Statistics. 
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situation, one may think of d as an element incorporated gratuitously with 
each observational determination of y, itself not subject to the changes taking 
place during the course of the experiment. In many experiments, there is no 
such element, and d — 0. 

r is a parameter associated with the intrinsic rate of the reaction; it is 
in fact K times the rate at which y is changing, expressed as a fraction of the 
product of (y — d) by the difference between K and {y — d)^ 

C is a constant of integration, depending mathematically on the choice 
of origin for the axis, and varying in any experiment with the value of the 
initial observation. It will simplify the presentation that follows, to assume 
its value as unity, and to discuss the significance of a departure from this 
value when we consider the experimental applications. 


Description of the Function 

The appearance of the function will change as the parameters assume 
different values. We shall consider the various possibilities seriatim. 

Case 1** Figure i. 

ci = o C = +i r=db 



K 

(4a) 

K 

( 4 b) 

y = 1+ e** 

y " I + e-'‘ 

, K — y . 

In- - = rt 

y 

(sa) 

ln^-^=-rt 

y 

(Sb) 


(6a) 

*-+i(y)(K-y) 

(6b) 


The following characters are notable: 

(1) There are two asymptotes parallel to T axis, a lower at y == 0, and 
an upper at y = K. 

(2) At the point where t O^y ^ yo — KI2; (7) 


* Vide equation (3). 

** K will be assumed positive in all the cases to be considered. Where it is negative, the 
equation may be transformed by suitable rotation of the axis of reference to one of the 
forms with K positive, and is omitted from the discussion here. 
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At this point the curve has a point of inflection and the slope iyjdi is a 
maximum. 

(3) For (a) y-, » +K, and * +0 (8) 

For (b) 0 , and y+^’^'K. (9) 

(4) The form (b) is the form (a) rotated about the Y axis. At any point 
t, the distance from the upper asymptote to (a), is equal to the distance from 
the lower asymptote to (b). 

(s) The slope of the curve is at any point proix>rtioiudtothe product 
of the distances of the point from the lower and upper asymptotes. 

(6) The curve has a point of symmetry at < = 0, y * K/2‘, if one-half 

of the curve is rotated about this point through an an^e of 180°, it will 

coincide with the other half. 

Case S. Figure 2. 

d = -|- C = +i r=± 


1 

(a) 

f \ 

1 1 

f 

1_ 

i 

|y. 

1 


< t~t~7 

V 

_^y. 

3 

f 

€ 

_ i 

i 

I ^ 

_L 



i 

, K 

IB IK - (y - . 

y-d 

d(y-d) _ dy_ 

dt dt 

d(y-d) _ dy _ 

dt dt 

10 T 1 

Fig. 2 

Logistic for Case 2 

(loa) y - d = - 

rt (iia) In -— v ■ 

y-d 

^ [y - d] [K - (y - d)] 
i[y-d] [K- (y-d)] 

10 T 

K 

-he-'* 

—rt (iib) 

( 12 a) 

(xjb) 


Here we note; 

(1) That forms (loa) and (lob) result respectively from (4a) and (4b), 
when the T axis is moved in the Y direction, a distance equal to minus d. 
Hence, they are exactly these equations with the quantity (y — d) sub¬ 
stituted for y. 

(2) Where < = 0, * yo *> K/S + d 

(3) For form (a) y+„ = +d, - K + d 

For form (b) j/+, « K + d, » d 


(13) 

(14) 
(xs) 
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(4) There are two asymptotes K distance apart as before, but the lower 
one is at y = d, not zero. 

(s) The movement of the T axis has been represented as in the minus 
direction, and this corresponds experimentally to the addition of a constant 
element d to each observation. An analogous situation exists, if in a logistic 
process, each observation excludes a fixed quantity d. This corresponds geo¬ 
metrically to the movement of the T axis in a plus direction, and the relations 
given in this section would then hold with the sign of d changed from minus 
to plus. 

Case 3 . Figure 3. 

d = o C=-l r=± 

(al Y (b) Y 



K 

(i6a) 

K 

(i6b) 

y = 1 - e« 

y “ 1 - e"'* 

1 y - K 

In - - = rt 

(17a) 

-rt 

(17b) 

y 

y 


^ 1 (y - K)y 
dt K ^y 

(18a) 

^ _ I (y - K)y 

dt K ^y 

(i8b) 


We note here that: 

(1) The two forms (i6a) and (i6b), though very different in geometric 
appearance from (4a) and (4b), bear a close resemblance to them analytically. 
They result from the latter, in fact, if the sign in the denominator be changed 
to minus. 

(2) There are three asymptotes, two in a direction parallel to the abscissa, 
and one to the ordinate. The abscissal asymptotes are at a distance K apart, 
the lower at a position y = 0 . The vertical asymptote is approached by 
both branches of the curve, one in the plus and the other in the minus direc¬ 
tion. 
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(3) When t = o, y = yo* ±00 (19) 

(4) For form (a) y+, = o, y_, = +K (ao) 

For form (b) y+» = +K, y_, =0 (21) 

(5) The point of inflection is at no real finite value of y. One cannot 
pass from minus to plus values of t without attaining infinite values of y. 
For y — K/2, as for all values of y between zero and X, ^ is imaginary. 

(6) As in the corresponding form of (4), (b) may be obtained from (a) 
by rotation about the Y axis. 

(7) The slope is proportional to {y — K) instead of (X — y) as in the 
previously considered forms. The quantity y is greater than K for all real 
values of y, an important distinguishing character of this form, and y— K 
must, therefore, be a positive value. 

Case 4. Figure 4. 

d = + C=-l r=± 



^ ^ ^ ^ y 1 * -rt (23b) 

^4y.r^,-d)(y-d-K) (a4a) 

^ - g (y - d) (y - d - K) (24b) 


For these forms we note: 

(i) That they bear the same relation to (16) that (10) does to (4). 
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(2) For form (a) y+, = d, y_, = d + K (25) 

For form (b) y+« = d + K, y_, = +d (26) 

Case 6. Figure 5. 

d = o C-I r/K=±b K = o 

If, in form (4) of the logistic function r/K be kept equal to a constant b, 
and K the distance between the abscissa! asjrmptotes becomes smaller, ap¬ 
proaching zero, the logistic approaches an hyperbola. The equation for 
this may be easily obtained by integration of form (6), setting r/ K = b, 
and K = 0 . 



h is a parameter that gives the rate at which y changes with t expressed as 
a fraction of y*. 

Ci is a constant of integration which depends on the initial value of y. 
Here we note that: 


(1) When t = o, y = yo = — 1/C2; Cs = — i/yo (30) 

(2) When t - it», y = y±,. = o (31) 

(3) The curve has two asymptotes, one identical with the T axis, the 
other parallel to the Y axis; the latter intercepts the T axis at t = + 1 /byo 
for (a) and at t => — 1/byo for (b). 
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Case 6. Figure 6 

d> + C = - I r/K = ± b 

j^ = C, + bt (32a) j:^-C,-bt (32b) 



Fig. 6 

Logistic for Case 6 


C2 and h are parameters of the same meaning as given for form (27). 
These forms are obtained from those given in 5 by movements of the T axis, 
similar to those discussed for cases 2 and 4. 

Here we note: 

(1) Whent = o, y = yo = d- 1/C2 (35) 

(2) When t = dh«, y = y=^^ = d (36) 

(3) The curve has two asymptotes, one parallel to the T axis at y = d, 

the other parallel to the Y axis at t = ;-^-7:7 for (a) and t == — -^-777 

(yo - d)b (yo - d)b 

for (b). 

Determination of the Parameters 

The method of least squares, when certain assumptions regarding the 
distribution of errors can be made, is mathematically the most proper. 
Against its use in practical problems involving the logistic curve, however, 
are the considerations, first that it is extremely difilcult, and second that 
the basic conditions for its justification are seldom realised. For these 
reasons, we shall leave this method to one side and consider such technics 
as are readily applicable practically and which are fundamentally sound in 
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methodology. In the following, we shall take up seriatim a number of such 
general methods, and then by application to concrete problems, indicate 
the mode of choice among them. 


I—Logarithmic Graphic Method: 

We assume d = 0, or its value known, y^c determinable with good approxi¬ 
mation from experiment; we wish to determine K, r, and C. 

The parameter K is determined from d, and observed or estimated values 
of 2^00. The relationship (9) (15) (21) or (26 is utilized according to the type 
of logistic function being fitted to the observations. With K thus fixed, a 
series of positive values, K — y, or y — K*, depending on the relative sizes 
of K and 2/, are calculated, one for each observation of y, and from these in 


turn log 




The individual values in the resulting series 


are now plotted against corresponding values of t Consideration of equation 
(2) will show that the relationship should be linear,** and the points will, 
except for experimental deviation, fall on a straight line. The “best’^ line 
is fitted by eye to the points,*** From any two convenient points located 
on this line are determined the slope w, the intercept on the Y axis a, and 
from these the logistic parameters as follows: 


r = 2.30259 X rn (37) 

C = log-' a (38) 

This method may be used advantageously also in many cases where K is 
not known, or any of the other parameters. An approximate value of K is 
assumed as the real value and log {K—y)/y vs. t plotted as explained. Gener¬ 
ally a curvilinear relationship results. Changing K now, and plotting again, 
will give better linearity. By repeating this process, a value of K can be 
found that gives satisfactory linearity in the functional relationship (5), and 
this is taken as the value for K, 


II — Function of (r, y, t) vs. y: 

This method is available when r is known, and we are to determine K, 
C and d. 

For the general logistic function (i) it may be shown that the following 
relationship obtains: 

( 39 ) 


* This assumes d ^ 0. When d is some value other than zero, substitute (y—d) for y. 


* If the logarithmic graph paper be available, the values of 


K 


-Z orZ—^may be plotted 


directly against t, a method equivalent to the one given in the text, but, practically, more 
rapid. 

*** One attempts in. doing this to choose a line that minimizes the total deviations. 
The inexactness that might appear in such a method is not as serious as sometimes sup¬ 
posed. A more rigid criterion, such as least squares, to be consistently rigid, requires an 
analysis of the variable minimized, before its significance for a particular experiment is 
determined. Such an analysis would result gener^y in a weighting of the deviations, more 
or less complex, depending on the situation. Where such a weighing has not been evaluated, 
it seems supererogatory to overrefine the minimizing technic. 
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in which the symbols have the meanings given above. 

it 

V -T— Vfk* * 

It follows that the value ——plotted against y is linear and from the 

I — e 

resulting line the values of the logistic parameters determinable as follows: 

rt 

Vo ““ V6 

Calculate the value of - -^ for each observed value of y, and the 

corresponding t, and plot this vs. y. Fit the best line to the points by eye. 
Let the slope of this line be m, and its intercept on the Y axis a. The logistic 
parameters are evaluated from the following relations: 


C = m — I (40) 

d = a/(i—m) (41) 

K = m (yo — d) (42) 


Where r is difficult to determine accurately, this method may be tried with 
several values of r, and that giving the best linearity in the function (39) 
used to fix the other parameters. 


in—Slope of the Logarithmic Fundion vs. y. 

We assume d = 0 ; K, r, and C to be determined. 
From (2) we have 

lny = ln(K — y)—rt — InC 
and from this we may further prove 


d(log y) 
dt 




(43) 

(44) 


We may utilize this relationship for the evaluation of the parameters sought 
as follows: 

Plot log y vs. t. * If the relationship between y and t be logistic, the points 
will fall curvilinearly according to (43). Draw the “best” curve to fit these 
points by eye. At particular values of y, over the entire range of the curve, 

determine the slope = graphically. Plot the values of the slope so 


determined vs. the corresponding values of y. This should result in the linear 
relation (44). Call the slope of this line m, and the intercept on the Y axis a. 
Then the parameters are determined as follows: 


r = -a (45) 

K = a/m (46) 

C = (K-yo)/yo ■ (47) 

This method involves the graphical estimation of the slope of a curve 
drawn to a series of points by eye, and not very satisfactory for this reason. 
The linearity of the relationship (44) when plotted, depends on the judgment 
used in fitting the curve (43), and consequently so does the evaluation of the 
parameters. 


* or V V8. (on logarithmic graph paper. 
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An analytical form of this method of solution has been published by Hoe- 
telling.^ It may be considered illustrative of many that may be worked out, 
by evaluating derivative functions of the logistic and treating these statis¬ 
tically. Of frequent occurrence in the literature, are cruder methods, involv¬ 
ing analytically the same ideas, in which the weakness of the determinations 
are obscured by the more indirect calculations of the parameters. 

IV — Parameters of the Hyperbola: 

It was shown in Cases 5 and 6 that in certain situations where the logistic 
function held generally, special conditions would produce a degeneration of 
this to the hyperbolic form. In such instances, we may use relations (27) and 
(32) for the determination of the parameters, if d be 0 or known, as follows: 

Plot l/{d—y) vs. t. This should be linear. A line is fitted by eye, and from 
this the two unknown parameters h and C2 determined as follows: 

If m represents the slope of the fitted line and a the intercept on the Y axis 

b = m (48) 

C2 = a (49) 

Applications 

We may now consider several problems to which the logistic function has 
been applied, for analysis from the point of view here presented. 

1 . Autocatalyiic Reaction—Positive Autocatalysis 

E 

A^B + C 

Substance A is transformed under the action of catalyst E into substance 
B and C; B itself acts catalytically for the same reaction, producing “auto- 
catalysis.^' 

Let Ao = original concentration of substance A 
Eo = original concentration of catalyst E 
y = concentration of B at time t 

= also the concentration of C at time t. 

Assuming that the reaction is practically unidirectional, and applying the 
mass rule, we have 

dy/dt = CiEo(Ao~y) + C2y(Ao~y) (50) 

where Ci and C2 are constants of proportionality in the reaction between 
catalyst and substrate. We have from this 

$ = C2 (Ao-y) (y + Eo) = [y + Eo] [ (Ao + J Eo) -(y + Eo) KsO 
Ut C2 C2 C2 C2 

(51) is recognized to be the differential form of the logistic (12b) in which 


‘ J. Am. Siat. Ass., 22, 283 (1927). 
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r = C2K « C2A0 + ciEo 

d = - ®- Eo 

Oi 

(S 2 ) 

K = Ao + - Eo = Ao - d 

C2 


(53) 


We take the following example.* 1370 units of ethyl acetate are hydro¬ 
lyzed, using acetic acid as catalyst, producing ethyl alcohol plus acetic acid; 
the latter product itself acts catalytically on the hydrolysis. Titrations of 
the concentration of acetic acid in excess of that originally present are made 
at successive intervals of (. 

We have: 


Ao = units of ethyl acetate originally present = 1370 

Fe = units of acetic acid originally present = 1338 

2/ = units of acetic acid at time t in excess of original 
Since the catalyst and autocatalyst are the same, ci = Cj, and we have 

From (52) d = -Eo = -1338 
From (53) K ~ Ao "f" Eo = 2708 

Cl — C2 is unknown, and it remains to determine r and C. To this end we 
shall use Method I. (See Table I and Fig. 7). 

log is plotted vs. <; a line is fitted to the points by visual judg¬ 

ment (Fig 7) and from the slope and intercept 

r = —0.003716 from (37) 

C = 0.9863 from (38) 

The equation now becomes 

^ 2708 (S 4 ) 

^ I + .9863e--«««‘ 

The calculated and observed values are compared in Table I and Fig. 7. 


Table I 


t 

y (observed) 

K-(y-d) 

log- 

y-d 

y calculated 
from (54) 

72 

19s 

1.884 

205 

144 

377 

T.763 

379 

216 

542 

T.644 

540 

288 

687 

1.528 

686 

346 

783 

T.442 

787 

432 

911 

1.310 

922 


* W. Ostwald: J. prakt. Ghent., 136 , 481 (1883). 
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Supposing, in the same experiment, observations of the decreasing ester, 
instead of the increasing acid, were made; we then have 

y' = Ao - y 

where y' is the concentration of ester at time t. Substituting in (51) we obtain 
¥ = - <52 ly'] [(Ao + ^ Eo) - y'] (S5) 



Fig. 7 

Graphical Presentation, Example i 

Legend y » Units of acetic acid 
t » time 

^ Ethyl acetate, original 
= Acetic acid, original 

which is form 6a. This is illustrative of the fact that forms (a) and (b) repre¬ 
sent essentially the same changes; in one case a decreasing element is meas¬ 
ured, in the other an accumulating one. 

2 . BimoUcular Reaction 

A + B Y 
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Substances A + i? react bimolecularly to form F. Let the initial con¬ 
centration be Ao and Bo, and y the concentration of Y at time L Assuming 


Bo>Ao, the mass law gives 

dy/dt = Cl (Ao-y) (Bo-y) (56) 

where Ci is a constant of proportionality, depending on temperature, etc. 
From (56) we may write 

dy/dt = Cl (y-'Ao) [y-Ao - (Bo-Ao)] (S7) 

(57) is seen to be the logistic of form (24) in which 

K = Bo~Ao d = Ac (58) 

r - Ci(Bo-Ao) (59) 

We take the following example.^ 


Methyl bromide and sodium thiosulphate were placed together for reac¬ 
tion and the following gives observations made of the quantities of the de¬ 
creasing sodium thiosulphate. 

Ao = concentration of CHaBr at the beginning of the experiment = 14.7 
units 

Bo = concentration of Na2S203 at the beginning of the experiment = 24.3 
units 

y ~ observed concentration of Na2S203 at time t 
K ^ Bo — Ao — 9.6 from (58) 

Equation (22) applies and r is to be determined. We may utilize Method I 
with convenience since K is known. (See Table II, Fig. 8). Following the 
same procedure as that used for obtaining (54) we have 

r = -.008455 from (37) 


C = .6047 from (38) 

The equation now becomes y = j Z 

The calculated and observed values are compared in Table II and Fig. 8. 


Table II 


t 

y (observed) 

log (K-y)/y 

y calculated from 
equation (60) 

0 

24.3 

.7817 

24.29 

5 

22.95 

.7647 

22.84 

15 

20.5 

•7257 

20-54 

25 

18.8 

.6897 

18.8s 

35 

17-35 

.6500 

17-45 

50 

15-9 

•5979 

15-90 

71 

14.35 

.5198 

14-55 

X 

9.6 

.0000 

9.60 


‘ Slator: J. Chem. Soc., 85 ,1295 (1904). 
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3 . Bimolecular Reaction with Equal Initial Concentration of Readants. 
From (56), a Bo = Ao we have 

dy/dt = ci(Ao-y)* (61 

where ci is a constant of proportionality, from which by integration 



Graphical Presentation, Example 2 
Legend: y = Concentration Na2S203 
t = time 

Ao - Concentration CHsBr, original 
Bo = Concentration Na2S208, original 

I (62) 

clTSt 

where C2 is a constant of integration that depends on the initial^value of y. 
Form (62) is seen to be the hyperbolic form (33) in which 

d = Ao b = Cl C2 = C2 (63) 
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We take the following example.* 

Equivalent quantities of acetamide and hydrochloric acid in a water solu¬ 
tion reacted to form ammonium chloride, and the progress of the reaction 
followed by observing at successive times (the amount of nitrogen produced 
as ammonium chloride. 

Ao = 26.80 (observed) 

We have now to determine b and C2 and may conveniently use the method 
outlined under IV. (See Table III and Fig. 9). 


b == .000560 
Cs = .03 s 

The equation now becomes 

I 

y = 26.80 —-;- — 

.o^s -t- .ooo«6ot 


From (48) 
From (49) 


(64) 


The calculated and observed values are compared in Table III and Fig. 9. 

Table III 


t 

y 

i/(A,-y) 

y calculated 
from (64) 

IS 

4.42 

-044 

3 54 

30 

7-53 

.052 

7-57 

45 

10.16 

.060 

10.13 

60 

12.13 

.068 

12.31 

75 

13-68 

.076 

13.81 

90 

14-97 

.085 

IS-03 

120 

16.97 

.102 

0 

q 

150 

18.40 

.119 

18.40 

180 

19-53 

.138 

• 19-45 


4. Avtocatalytic Reaction, Negative Avtocatalysis. 

If, in a catalytic reaction, one of the products acts as a “negative” catalyst, 
i.e., inhibits the main reaction, we have analogous to (50) the following 

dy/dt * ciEo (Ao-y) - cjy (Ao -y) = cs (y - - Eo) (y-Ao) (65) 

C2 

From which we may write 


dy/dt = C2 (y - - Eo) I(y - Eo) - (Ao - ^ Eo)] (66) 

C2 C2 C2 

This is seen to be form (24) in which 

K = Ao - -Eo d - 5 iEo r = C2 (Ao - - Eo) (67; 

C2 C2 C2 

An illustration is the following.^ 

^ W. Ostwald: J. prakt. Chem.i 135, 14 (1883). 

* J. Berkson and L. B. Plexner: J. Gen. Physiol, 9 , 5, 433 (1928). 
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The proteolysis of gelatin by pancreatin was followed by measurements 
of the viscosity of the gelatin mixture. The time required for the flow of the 
mixture through a capillary was found to be a logistic function of the duration 
of the reaction, as follows: 




Legend: y « N as NH4CI 
t =* time 

Ao = total N as NH4CI 


in which 



yt-yw 
yo - yf ^.-rt 
y«-yw 


y is the time of flow at time t 
2/0 is the time of flow at t = 0 
2 /w is the time of flow of water 
yt is the time of flow when proteolysis is complete 


( 68 ) 
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This is seen to be the logistic of form (22) in which 


K - y, - yw C = d = yw (69) 

JO yw 

From observation 

yf “ 3S-S yw = 29.5 yo = S9-S 

It remains to determine r. This is accomplished by use of Method I. (See 
Table IV and Fig. 10). 

r = —0.006581 from (37) 

K = 6 C = 0.800 from (69) 

The equation now becomes 

y= + (70) 

The calculated and observed values are compared in Table IV and Fig. lo. 


Table IV 

t y (observed) log -—y calculated from 

y “ equation (70) 


0 

S 9 -S 

1-9031 

59-5 

4 S 

56-3 

T.8901 

56-4 

10.0 

53-2 

1.8732 

53-4 

I 4 S 

51-3 

I.8602 

51-5 

19-5 

49-6 

1-8459 

49-8 

24-25 

48.4 

1.8342 

48.4 

29 -S 

47-2 

1.8202 

47-1 

34-25 

46 .0 

1-8035 

46.1 

40-75 

45 0 

1-7873 

45 0 

46-5 

44.4 

1.7762 

44.1 


5 . Oxidation and Reduction Potentials, 

The equation governing the electrode potentials in an oxidation-reduction 
reaction is given as follows:^ 

-n RT I Sr /V 

Ek-Eo-^lng- (71) 

in which 

Ek = observed electrode potential measured against a hydrogen electrode 

Eo^ — a constant characteristic of the particular system 

RfTfFf = constants 

n = the number of molecules involved 

Sr = concentration of the reductant 

So == concentration of the oxidant 


^ W. Mansfield Clark: U. S. Pub. Health Rep., 38 , 943 (1923). 
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If we denote by X = <So + <SI„ the total amount of substance involved in 
the reaction and by c the constant RT/nF, we may rewrite (71) as follows: 

In = - K/c + i/c E,. (72) 




Graphical Presentation, Example 4 

Legend: y = viscosity, time of flow 
t *= time 

Vw — — d = viscosity for H2O 
2/y = viscosity, final 

This is seen to be the logistic of the form (E'o) in which 

y = Sr t = Eh r = i/c In C = - Eo/c (73) 

We take the following example.^ 

i-napthol-2-sulphonate indophenol was reduced by addition of titanous 
chloride and the electrode potentials observed. The number of molecules 
involved, n, was independently determined as 2. It is desired to determine 
Eo* Since r = nF/RT is known, Method II can be conveniently used. It will 
be necessary to assume some single observation as i/©, and we choose one in 
the middle of the series at 2/ = 16. 


^ W. Mansfield Clark: U. S. Pub. Health Rep., 38 , 946 (1923). 
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r = 76.57889 — constant 

^ • vs. y is plotted (see Table V and Fig. ii) and from the slope m, K 
and C are determined as follows: 




Fio. II 

Graphical Presentation, Example 5 

Legend: y = Sr — Ti +++ cc. 

«■* Eh — .1224 ■» Potential against H electrode — 1224 



APPLICATION OF THE LOGISTIC FUNCTION 


from (42) 
from (40) 
from (73) 
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K » myo = 32-68 
C = m —1 = 1.04225 
Eo= —clnC = — .0005 
= —.0005 -f .1224 = .1219 in original units. 

The equation now becomes 


Eh = .1219 — .0130584 In —77-5" 

32.68 — Or 

The calculated and observed values are compared in Table V and Fig. 11. 


Table V 


y 

Ti+++cc. 

Eh 

Observed 

t 

Eh-.1224 

1 1 

Eh 

Calculated 

(74) 

0 

.287 

.1646 



2 

.1581 

•0357 

1.0272 

-1575 

4 

•1479 

.0246 

1.8489 

.1476 

6 

•1415 

.0191 

2.98s 

.1414 

8 

.1368 

.0144 

4-025 

-1367 

10 

•1327 

.0103 

5-002 

.1326 

12 

.1292 

,0068 

6.145 

.1290 

14 

.1256 

.0032 

6.795 

•1257 

16 

.1224 

.00 

00 

. 1224 

18 

.1192 

.0032 

8.797 

•1193 

20 

•1159 

.0065 

9.801 

•1159 

22 

.1124 

.0100 

10.786 

• 1125 

24 

.1085 

•0139 

II.771 

. 1086 

26 

. 1041 

.0183 

12.730 

. 1042 

28 

.0985 

.0239 

13*707 

.0985 

30 

.0905 

•0319 

14.667 

.0904 

32.8 

.036 

.0864 

16.II6 



(74) 


from 





OBSERVATIONS ON THE CORROSION OF IRON 


BY J. F. G. HICKS 

Object of the Investigation: 

From time to time carbon dioxide' oxygen* and electrochemical action* 
have been regarded as the cause of the corrosion of iron. The ^‘differential 
oxygenation’’ principle of Evans^ is perhaps the broadest generalization, 
having been shown to apply to the corrosion of other metals. While Evans’ 
principle is essentially electrochemical in nature and involves the behavior 
of oxygen in the corrosion-process, it apparently does not take into considera¬ 
tion the underlying cause of corrosion in terms of preliminary dissolving of 
metal in water, nor the actual mechanism of the process with respect to 
oxygen and carbon dioxide. It is the object of this paper to attempt an 
answer to these questions. 

RSsumi of Previous Investigations: 

Whitney,® also Cushman and Gardner,® showed that iron would dissolve 
without corrosion in water free from dissolved air and carbon dioxide, later 
confirmed by Shipley, McHaffie and Clare,^ who showed that iron would 
dissolve in pure, carbon-dioxide-free water until the pH value reached 9.4, 
after which dissolving ceased. Walker, Cederholm and Bent* observed the 
depolarizing effect of oxygen, thus improving upon Whitney’s conception of 
the process® now more fully developed by Evans.* Dunstan and associates'® 
also Seligman and Williams" showed that a film of liquid water in contact 
with a metallic surface is pre-requisite to corrosion of that surface, and that 
water-vapor is much less active, perhaps quite inactive, in the process, which 
apparently points out the solvent action of the water as the real cause of 
corrosion. 


Necessity of a Film of Liquid Water as a Solvent for Iron: 

A series of test-flasks were set up as per Fig. i. Test-pieces were spirals 
of Malin’s #io “Music Wire.” Each set of tests at 25® and o® was made upon 
the same set of flasks, first at the higher, then at the lower temperature, to 
insure condensation of moisture upon the metallic surfaces; weighings were 
made at 24-hour intervals. Due to the possibility of occlusion of gases by 

^ Crum Brown: J, Iron Steel Inst. (London), 39 ,129 (1888); Friend; 79 , 5 (1908). 

* Whitney: J. Am. Chem. Soc., 25 , 394 (1903). 

* See (2) above; also Walker, et. al.: J. Am. Chem. Soc., 29 , 1251 (1907); Walker: J. 
Iron Steel Inst., 1,70 (1909). 

* Evans: “The Corrosion of Metals,” 24, (1924). 

® See (2). 

^ Cushman and Gardner: “Corrosion and Preservation of Iron and Steel,” pp. 41-48, 

(1925)- 

^ Shipley, McHaffie and Clare: Ind. Eng. Chem., 17 , 4, 381 (1925). 

«See (3). 

9 See (4). 

“ J. Chem. Soc., 87 , 1548 (1905); 99 , 1835 (1911). 

“ J. Inst. Metals, 23 , 159 (1920). 
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the iron, all differences in weight less than 0.0005 gram were not considered 
as due to corrosion; ‘^none,” in the following table, therefore means ‘‘less 
than 0.0005 gram.” Results follow: 


Table I 


Gas in 

Days to reach 

Increase in weight 


Flask: 

constant weight 

25° 0° 

milligrams/sq. cm. 

25° 0" 

Remarks: 

Dried O2 

5 

5 

none 

none 

From tanks; dried by 
concentrated H2SO4. 

Dried CO2 

5 

5 

none 

none 

From tanks; dried by 
concentrated H2SO4. 

Dried O2 and 
CO2 

5 

5 

none 

none 

Mixed equal volumes, 
dried as above. 

Dried air, 
CX)2-free 

5 

5 

none 

none 

CO2 removed by soda- 
lime; dried as above. 

Dried air 

5 

5 

none 

none 

Dried as above. 

Water-vapor 

6 

6 

none 

none 

Test-piece hung over 
H2O; air removed by 
H2. 

Moist O2 

10 

7 

0.3 

2.0 

Hung over H2O sat¬ 
urated with O2; air 
swept out by O2. 

Moist CO2 

12 

9 

I. I 

5-6 

Same arrangements, 
COo in place of (>2. 

Moist O2 and 
CO2 

10 

8 

2.7 

132 

Same arrangements. 
Cas-flow-rates equal. 

Moist air. 

15 

13 

r. 2 

1.1 

Same arrangements; 


air bubbled thru water. 


These tests involve the deposition of a film of liquid water upon the surface 
of the test-piece, by reason of a decrease in temperature in the same system. 
More water will be deposited at lower temperatures than higher, hence the 
greater corrosive effect is to be expected. This is in accordance with the find¬ 
ings of those who hold that a film of liquid water is pre-requisite to corrosion 
(foof-notes 10, ii) and points out as the cause of corrosion the initial dis¬ 
solving of iron by water. The work of Shipley, McHaffic and Clare (foot¬ 
note 7) also serves to confirm this view. They showed that metallic iron 
would dissolve in water (pure, and free from dissolved air and carbon dioxide) 
without corrosion until the pH value 9.4 was attained,—in short, at that pH 
value, the concentration of H+ is too low to permit any iron being dissolved. 
From the equilibrium 


HOH: 3 iZ±H+ + (OH)“, 
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it follows that, since the initial value is 7.0, all that is necessary to produce 
a pH value of 9.4 is to add sufficient (OH)~ to do this by “common ion effect,” 
i.e., add (OH)“ equal to mols per litre. This is almost exactly the con¬ 
centration of (OH)~ which will turn phenolphthalein red (io~*; see Wash- 
bum-Salm Indicator-table), and agrees quite well writh the data furnished 
by the “ferroxyl-test” (see footnote 6) of Cushman and Davis, who showed 
that corrosion did not take place in solutions sufficiently alkaline to turn 
phenolphthalein red. It is also in agreement with the findings of HalF in 
ins study of the non-corrosive action of alkaline boiler-waters. 



Fig. I 


From the above, then, we should assume the following system of equilibria 
as representing the dissolving of iron in water at room-temperatures: 
Fe(soUd)^Fe (dissolved) + 2HOH;p±Fe(OH), + H*. 

Table II 


Solute* 

Solubility, i8®, 

Dissolved solute equivalent to g/L of: 

Fe(OH)2 

grams per liter 
9.6 X 

Fe 

6 X 10-* 

Hi 0 , COi 

1.3 X lo-* 9 X 10-® 4.7 X 10-^ 

Fe(OH), 

2.9 X io~^ 

1.7 X 10“^ 

9 X io~* 

FeCO,** 

5.6 X 

2.77 X io~* 

1.30 X io~* 1.73 X io“* 2.16 X io“* 

O2 

0.070 

0.16 

0.009 

CO* 

1.872 

2.376 

00 

M 

d 

H* 

0.002 

0.056 



* Values from Laadolt-Btautein-Roth, PkysikaliBche-Cheinisohe Tabellen; values in 
other columns calculated from these. 

“Smith: J. Am. 80c., 40 , 883 (1918). 

** R. £. Hall: Mechanical Engineering, 48 ,4, 323. 
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The corrosion-process is usually continuous, altho Aston^* showed that 
films of corrosion-products adherent to metallic surfaces may or may not 
be protective. It would therefore appear logical to conclude that the evo¬ 
lution of hydrogen displaced the above system of equilibria to the right, 
causing this continuity. The incorrectness of such a conclusion will be ap¬ 
parent from a consideration of the following table of solubilities and equiva¬ 
lents: 

From comparisons of equivalents and solubilities in this table one may con¬ 
clude that: 



Fig. 2 


I. Assuming a liter of water saturated with ferrous hydroxide at 18°, the 
hydrogen evolved by dissolving the equivalent quantity of iron in water 
is only 0.65% of the hydrogen which would saturate a liter of water at 
18®, whence it follows that: 

1. Evolution of hydrogen is not the cause of continuity of corrosion by 
displacement of the above equilibria, because the actual hydrogen evolved 
would remain in solution; it may also act as a polarizer of what might be 
called a *‘corrosion-cell.^’ 

2. Corrosion should be terminated by the saturation of water by dissolved 
ferrous hydroxide, hence the continuity of corrosion is explainable in terms 
of removal of this ferrous hydroxide (and also polarizing hydrogen) at a rate 
sufiicient to prevent saturation (and complete polarization). 

R6le of Oxygen and of Carbon Dioxide: 

Further consideration of Table II will lead to the conclusion that 

II. The quantity of dissolved oxygen in a liter of water saturated with re¬ 
spect to oxygen at 18® is 800 times the quantity of oxygen required to 


Aston: Trans. Am. Electrochem. Soc., 29 , 449 (1916). 
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oxidize to ferric hydroxide all of the ferrous hydroxide present in a Uter 
of water saturated with respect to ferrous hydroxide at 18®, whence it fol¬ 
lows that one may be safe in assuming the possibility of: 

1. Complete oxidation as above, accompanied by precipitation of feme 
hydroxide, which is only 0.0003 as soluble as ferrous hydroxide at 18®; 

2. Complete depolarization of the ‘‘corrosion-ceir^ by dissolved oxygen, 
for the excess of oxygen in a solution saturated with respect to it above that 
quantity of oxygen required to oxidize ferrous hydroxide as above is 662 
times as much as will be required to oxidize the evolved hydrogen equivalent 
to the iron dissolved; 

3. The function of oxygen in the corrosion-process as that of a ^^main¬ 
tenance-factor,” by reason of its oxidizing and depolarizing properties, is 
clearly indicated. Depending upon the concentration of dissolved oxygen, 
an accelerating effect should be noticed, which is another way of stating 
Evans' ‘‘differential oxygenation” principle. 

III. The quantity of carbon dioxide present in a liter of water saturated 
with respect to that gas at 18° is 4000 times the quantity required to con¬ 
vert to ferrous carbonate the ferrous hydroxide present in a liter of solu¬ 
tion saturated with ferrous hydroxide at 18°, hence one may be safe in 
assuming the possibility of: 

1. Removal of ferrous hydroxide from the system by conversion to ferrous 
carbonate, which is less soluble than ferrous hydroxide; 

2. Increase in concentration of (as dissolved H2CO3), thus bringing 
about increase in the quantity of iron dissolved and also in the rate of dis¬ 
solving it; 

3. Increase in concentration of H+ means increase in quantity of hydrogen 
evolved, which in addition to polarizing the “corrosion-cell” may also act as: 

(a) A loosening-agent for the corrosion-film, by reason of the fact that 
bubbles of hydrogen form between the film and the surface of the corroding 
iron; 

(b) Preventive agent with respect to adherence of films, because of layer 
of adherent hydrogen upon the metallic surface. 

4. The maintenance- and accelerator-effect of carbon dioxide (as dis¬ 
solved H2CO3) is pointed out. While oxygen has these same effects, it op¬ 
erates in a different manner, as has been previously mentioned. 

The following series of experiments was carried out for the purpose of 
confirming these predicted functions of oxygen and carbon dioxide: 

The apparatus shown in Fig. 2 was used for a fifteen-day test; test-pieces 
consisted of spirals from the same sample of wire as used in the first series. 
Inter-diffusion of gases was prevented by keeping the gases constantly flow¬ 
ing in the same direction; this was accomplished by the actual pressure of the 
gases issuing from the container and by attaching a suction-pump to the 
other end of the system. The bubbling-bottles served a threefold purpose: 
counting bubbles for determining gas-flow-rates, dryers (filled with con- 
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filtrated H2SO4) and humidifiers (filled with water). Results are shown 
in the graphs (hig. 3, 3a) in which “moist carbon dioxide” is represented bv 
“HjCOa”: 




Fig. 3a 

Inspection of these graphs leads to the following conclusions: 

I. Water is necessary in the corrosion-process. The results of the pre¬ 
vious series of tests seems to confirm the view that this “water” is an adherent 
liquid film. As there was no temperature-control for these tests, such a film 
could readily deposit when the laboratory cooled off during the night. 
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2. The intensifying and accelerating effect of oxygen is demonstrated, 
from which the ‘‘differential concentration^^ effect follows. 

3. The intensifying and accelerating effect of increased concentration of 

is also demonstrated, and agrees with the fact that H^COs is a stronger 

acid than HOH. 

4. The removal of adherent film by bubbles of hydrogen, as predicted 
above, is demonstrated by the fact that films did not drop off when the con¬ 
centration of was at its lower lever; when it was increased by the forma¬ 
tion of carbonic acid, the films always dropped off. 

Possible Removal of Films by Hydrogen: 

In discussing experimental data, Fujihara^^ states that “carbon dioxide 
evidently plays an important part in the corrosion-process. . . . The true 
action of the CO2 probably lies in the removal of the protection-film, thus: 

Fe(OH)2 + H2CO3 FeCOa + 2H2O. 

The main action is that of H2CO3 on alkaline ferrous hydroxide, conse¬ 
quently corrosion will again start by the electrolytic process as before.In 
another portion of his paper Fujihara concludes: 

(1) “Iron with a clean surface will not continue* to corrode in water and 
in air free from CO2, after a film has formed as a result of rusting sufficient 
to protect the iron from further corrosion. This is, however, true only when 
a definite amount of water** is used, as continued application of fresh water 
would remove the protective film and again induce rusting. 

(2) “Pure water and pure oxygen alone cannot attack iron on which a 
protective film previously is produced, but the additional action of CO2 is 
necessary to remove rust/< 

The tests were carried out in the apparatus shown in Fig. i. No fresh 
water was added, and the C02 was bubbled thru at the rate of 5 cc. per min¬ 
ute. The C02-inlet-tube was kept as far away as possible from the rusted 
iron test-pieces, to preclude removal of rust-coat by stirring of the liquid 
or actual abrasive action of the gas-stream, which was purposely slow and 
in small quantity. The following test-samples were prepared: 

1. Naturally-rusted iron turnings, rust-coat strongly adherent. 

2. Freshly-prepared Fe(OH)3 washed free from (NH4)‘*’, (OH)", Cl". 

3. Freshly-prepared re(OH)2, washed free from (NH4)’^, (OH)", (SO4)’'. 
Washings of Fe(OH)2 were made with boiled distilled water in stoppered 
flasks. 

Results of this series of tests are given in the table below: 

Fujihara: Chem. Met. £ng., 32 , 16, 810 (1925). 

* The ^^maintenance-factor’’ role of COs is clearly indicated here. 

** More fresh water would also dissolve additional iron as well as adherent corrosion- 
film. This apparently implies the solvent action of water on iron as well. 
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Table III 

Test-piece or Visible 

Sample consists of Effect in: 

I. Naturally- Rust partly re 

rusted iron: moved, expos- 

1. Completely ing bright 
submerged: metal, 6 days. 

2. Partially 

submerged: Same as I, i. Same as I, i. Same as I, i. 


(a) Submerged 
portion: 

s days. 

7 days. 

(b) Unsub- 

merged 

portion: 

None. 

None. 


II. Freshly pre¬ 
pared 

Fe(OH)3, None. None. Negative. 

washed: 

III. Freshly Dark green Doubtful. Con- Fe"^^ very faint; 

prepared ppt. turns version to FeCOa Fe^"^^ negative. 

Fe(OH)2, nearly white, complete. 

washed: 10 days. 

From which one may conclude that: 

(1) The positive test for Fe'^'^+ in I, i is most likely due to air-oxidation of 
Fe*^"*" during filtration, or to minute suspended particles of Fe(OH)3 
which had passed thru the filter; 

(2) Carbonic acid attacks metallic iron appreciably and completely converts 
Fe(OH)2 to FeCOs. Its action upon FeCOs is quite doubtful (not being 
under increased pressure, as in mineralization), and it has no effect upon 
Fe(OH)8. 

(3) Carbonic acid acts as a maintenance-factor in the corrosion-process, in 
two ways: 

(a) It penetrates an adherent film of corrosion-product, attacks the iron 
beneath, liberating hydrogen, bubbles of which force off particles of the film, 
removing them from the sphere of action, and in time exposing the cleaned 
metallic surface to further action. 

(b) Direct acidic effect, due to increased concentration of before the 
formation of a film of corrosion-product. The direct acidic effect and the 
acidic effect after penetration of the film are, of course, identical chemical 
reactions,—^the interaction of carbonic acid and metallic iron. 

(4) Fujihara’s conclusions are confirmed. 


Solvent Tests for Iron in 

Effect in: Filtered Liquid: 

- A few gas- Fe^'^ distinct; Fe^”^^ 

bubbles adher- in faint traces only, 
ing to bright probably admixed or 
metal, 8 days. by slight oxidation. 
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The conclusions of (3) above include the generalizations of Aston (see 
footnote 13) and Evans (see footnote 4) because: 

(a) Polarity of adherent film and metallic iron with respect to each other 
(Aston) can bring about the electrol3rsis of the carbonic acid solution which 
has penetrated the film or else come in contact with a broken film, and there¬ 
fore with film and metal simultaneously. 



Eight Cells in Series for E. M. F. readings 
Eight Cells in Parallel for Current readings 


(b) When carbonic acid comes in contact with a broken adherent film of 
corrosion-product, regardless of how the break may have been formed, we 
have a condition of differential concentration of with respect to two dif¬ 
ferent portions of the same piece of metallic iron, and therefore corrosion can 
take place because of the resulting E.M.F. set up between the exposed (direct 
contact, higher H+ concentration) and unexposed (penetration-contact, lower 
H+ concentration) portions of the iron (Evans). 



OBSEBVATIONS ON THE CORROSION OF IRON 


789 


Electrochemical Effects: 

There now remains only to check the conclusions from the graphs of Fig. 
3 in terms of E.M.F. produced by differential concentration of the H+ of 
H2CO3, and of O2 upon the same piece of iron. The apparatus shown in 
Fig. 4 was used, and is obviously based upon the principle of differential 
concentration. It is essentially the same as the cells of Hall (see footnote 12) 
and of Evans (see footnote 4), with the added features of excluding air (to 
prevent oxidation) and an inlet and outlet for CO2. The electrolyte was a 
solution of K2S()4 (o.oi N) in boiled distilled water. All electrodes were cut 
from the same piece of iron. C'ells were allowed to stand until the milli- 
voltmeter registered equilibrium at 25®, after which the gases used were bub¬ 
bled thru until (equilibrium was again recorded. Eight of these cells, repre¬ 
senting an electrode-area of 370 sq. cm., were used,—in series for the E.M.F.- 
readings and in parallel of the current-readings. Results are shown in 
Table IV: 


Table IV 


Gas passed 

Millivolts: 

Milliamperes: 

()2 

4.00 

0.5s 

CO2 

0.85 

0-15 

C()2 + O2, 

2.15 

0.25 

equal volumes 



Air 

0.75 

0.15 


It will be noted that the maximum E.M.F., and therefore the maximum 
current productive of corrosive effect, is due to oxygen. P>om this and pre¬ 
ceding results, it would appear that the function of oxygen in the corrosion- 
process was that of an accelerator, and that its depolarizing- and oxidizing- 
effects were maintenance-factors, and therefore of secemdary importance. 
This state of affairs no doubt explains the fact that so many observers have 
considered oxygen as the cause of corrosion. 

Mechanism of the Corrosion Process: 

1. Metallic iron dissolves in water in an adherent film of liquid water as fer¬ 
rous hydroxide until pH = 9.4. 

2. The presence of oxygen insures maximum E.M.P\, and therefore acts as an 
accelerator. 

3. The system of equilibria 

Fe(solid) Fe (dissolved) + 2HOH ::?i± Fe(()H)2 + H2 
is shifted to the rights and corrosion maintained by O2 and CO2 as follows: 

(a) O2 removes P"e(OH)2 by oxidation to less soluble P^e(OH)3, also H2 by 
oxidation (depolarization); 

(b) CO2 removes Fe(()H)2 by conversion to less soluble FeCOa, also 
forms H2CO8, the H“^ of which dissolves metallic iron and favors corrosion. 
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4. Therefore, from the generalizations above, so long as there is present in the 
system any agent capable of removing ferrous hydroxide and hydrogen 
(depolarizing-agent) with sufficient rapidity to preclude saturation of 
adherent water with respect to ferrous hydroxide and hydrogen, this will 
take place while either exists in solution, and either will be dissolved so 
long as iron is in contact with liquid water and a depolarizer. This is a 
general statement for continuous corrosion of any metal above hydrogen 
in the electromotive series. 

Summary: 

1. The primary cause of the corrosion of iron is the actual dissolving of 
iron in water. This takes place before any other chemical action starts. 

2. A film of liquid water adhering to the metallic surface undergoing cor¬ 
rosion is necessary to this dissolving process. 

3. Oxygen produces the maximum E.M.F. with respect to dissolving iron, 
hence acts as an accelerator; its oxidizing action removes both ferrous hy¬ 
droxide and hydrogen, this latter being a depolarizing effect. The oxidizing 
action of oxygen is therefore a maintenance-factor in the corrosion-process. 

4. Carbon dioxide (as dissolved carbonic acid) furnishes additional H+, 
thereby acting as an accelerator. By converting ferrous hydroxide into less 
soluble ferrous carbonate, it removes the former and acts as a maintenance- 
factor also. 

5. A generalization concerning the corrosion of metals above hydrogen in 
the electromotive series has been derived from the results of the e.xperiments 
recorded. It is not at variance with the accepted views of the corrosion- 
process, but agrees with them. 

North Pacific CoUege 
Portland, Oregon, 



OPTICAL PROPERTIES OF SOME SALTS OF GLUCONIC ACID* 

GEORGE L. KEENAN AND SAMUEL M. WEI8BERG 

Introduction 

During the course of experimentation with a new fermentation process 
for the production of gluconic acid carried out by the Color and Farm Waste 
Division, United States Department of AgricultureV, quantities of gluconic 
acid were accumulated. As at present no satisfactory qualitative methods 
exist for the identification of gluconic acid, it was thought advisable to pre¬ 
pare several of its pure salts and to determine their optical properties. 

This paper presents certain optical properties of those gluconates which 
seemed to lend themselves to optical measurement, namely, the ammonium, 
potassium, sodium, barium, and lead salts, and also gluconic-7-lactonc. 

Experimental 

The ammonium, potassium, and sodium gluconates were prepared by 
treating a weighed quantity of chemically pure barium gluconate in solution 
with an equivalent amount of the pure sulphate of the metal desired. The 
sulphate was added drop by drop to a hot solution of the barium gluconate, 
stirring constantly. The barium sulphate formed was filtered off. The 
filtrate was concentrated by evaporation and then approximately to volumes 
of alcohol were added. The salt soon crystallized. Crystallization was re¬ 
peated twice. 

All of the salts were analyzed for hydrogen and the metal. The hydrogen 
determinations were made with the new Phillips-Hellbach combustion ap¬ 
paratus.® Nitrogen determinations were made by the Kjeldahl-Gunning- 
Arnold method. 

Ammonium Gluconate 

The well-crystallized ammonium salt was dried over night at 6o®C in the 
constant temperature oven. It readily became anhydrous and on analysis 
showed: 6.48 per cent, 6.48 per cent N; 7.08 per cent H. Theory for NH4C6- 
H11O7: 6.57 per cent N; 7.23 per cent H. 

Optical Properties: The anhydrous salt occurs as irregular grains. The 
indices of refraction are: n® = i-Sio, np = 1.555, % = i-577> all dt 0.003. 
The double refraction is very strong {uy — Ua - 0.067). la convergent 

* From the Microanalytical Laboratory, Food, Drug, and Insecticide Administration, 
and the Color and Farm Waste Division, Bureau of Chemistry and Soils, United States 
Department of Agriculture. 

^ O. E. May, H. T. Herrick, C. Thom, and M. B. Church: “The Production of Gluconic 
Acid by the Penicillium Luteum-Purpurogenum Group,’* J. Biol. Chem., 75 , 417 (1927). 

*H. T. Herrick and O. E. May: “The Production of Gluconic Acid by the Penicillium 
Luteum-Purpurogenum Group. 11 . Some Optimal Conditions for Acid Formation,” J., 
Biol. Chem., 77 , 185 (1928). 

* M. Phillips and R. Hellbach: “An Electrically Heated Furnace for Organic Combus¬ 
tion,” J. Assoc. Official Agr. Chemists, 11, 393 (1928}. 
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polarized light, biaxial interference figures are common, many grains showing 
sections perpendicular to the acute bisectrix; the axial angle is approximately 
2 Ed = 65 ± 5®. Sign 2Er < 2 Ev. 

Potassium Gluconate 

The potassium salt was dried at 9o®C. for about two days in the vacuum 
oven over calcium chloride. The salt became anhydrous under these condi¬ 
tions. Potassium was determined as the sulphate by heating with concen¬ 
trated sulphuric acid. Analysis for the anhydrous salt (KCeHuO?): 4-74 

cent H; 16.63 per cent, 16.65 
cent K. Theory: 4.80 per cent H; 
16.69 per cent K. 

Optical Properties: The anhydrous 
compound consists of irregular grains 
and rods, Fig. i.* The indices of re¬ 
fraction are: ria = 1-523, = 1*548, 

fly = 1.565, all db 0.003. The double 
refraction is strong {riy = ria — 0.042); 
sign of elongation +; extinction is 
parallel. In convergent polarized light, 
biaxial interference figures are com¬ 
mon, although 2E is much too large 
for measurement under the micro¬ 
scope. 

Sodium Gluconate 

The sodium salt was dried and analyzed like the potassium salt. Analysis 
(anhydrous salt, NaCeHnO?): 5.00 per cent H; 10.44 per cent, 10.42 per cent 
Na. Theory: 5.08 per cent H; 10.54 per cent Na. 

Optical Properties: The anhydrous compound consists of irregular frag¬ 
ments without definite habit. The indices of refraction are: n® == 1-523, 

= 1-569, riy = 1.589, all ± 0.003. The double refraction is very strong 
{riy — na — 0.066). In convergent polarized light, biaxial interference 
figures are common, grains frequently lying perpendicular to an optic axis; 
the axial angle is large; and the sign — . 

Barium Gluconate Monohydrate 

The barium gluconate was prepared by directly neutralizing gluconic acid 
with a slight excess of the metal carbonate and heating the solution to boiling 
for approximately an hour. The solution was filtered to remove excess car¬ 
bonate and then four volumes of alcohol were added. A monohydrate of 
barium gluconate was obtained by drying for two hours at 65^0, Analysis 

* The crystal forms illustrated in the figures do not remain intact in obtaining the optical 
^nstants. In many instances it is necessary to crush the material, thereby obtaming irregu¬ 
lar fragments. 



Fig. I 

Potassium gluconate (X 37) 
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(Ba(C6Hii07)2. H2()): 4-46 per cent H; 25.33 pei* cent, 25.30 per cent Ba. 
Theory: 4.44 per cent H; 25.20 per cent Ba. 

Optical Properties: In ordinary light the monohydrate consists of irregular 
fragments, some of which are roughly six-sided. Fig. 2. The indices of re¬ 
fraction are: ria = 1.570 and Uy = 1.613, both ± 0.003, being indeter¬ 
minate. The double refraction is strong (riy — Va = 0.043). f^nly partial 
biaxial interference figures were obtainable in convergent polarized light. 




Fig, 2 

Barium gluconate (X 75 ) 


Fig. 3 

Lead gluconate (X 2) 


Lead Gluconate 

The lead gluconate was prepared exactly as the barium gluconate. It 
readily became anhydrous on drying overnight at 6 s°C. It was analyzed 
for hydrogen and lead, the lead being determined as the chromate. Analysis 
(Pb(06Hu07)2: 3-64 ppr cent H; 34.61 per cent, 34.77 per cent Pb. Theory 
3.71 per cent H; 34.70 per cent Pb. 

Optical Propertien: The large crystals before being crushed for optical 
study consist of six-sided plates. Fig. 3. In ordinary light the anhydrous salt 
shows, after crushing, irregular grains without significant habit. The in¬ 
dices of refraction are: Va = 1.624, = 1.633, ”7 = 1-635, all ± 0.003. 

The double refraction is moderate (% — 7 ia = 0.0 ii), mostly first order 
colors being shown. In convergent polarized light, interference figures oc¬ 
casionally seen perpendicular to acute bisectrix; axial angle 10 ± 2°; optic 
sign -. 


Glucoiiic-7-Lactone 

The y lactone of gluconic acid was prepared in a pure state from gluconic 
acid. The gluconic acid was liberated from its barium salt with dilute sul¬ 
phuric acid. The gluconic acid was then evaporated down to a higher con¬ 
centration on the steam bath. It was next placed in a vacuum oven over 
calcium chloride at so°C. for several days. The gluconic acid went over into 
a white solid. This solid was recrystallized several times from hot ethyl 
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alcohol. It gave a melting point of i3i-i34'’C. Analysis: 5.71 per cent H. 
Theory: 5.66 per cent H. 

Optical Properties: The material occurs as irregular grains. The indices of 
refraction are: ria = 1.517, W/S = 1.544, ”7 = i-S 77 , all ± 0.003. The 
double refraction is very strong (% — Wo = 0.060). In convergent polarised 
light, biaxial interference figures are common; optic sign+; axial angle too 
large to measure under the microscope. 

Microscopical Identification of Conqtounds 

Table I was prepared to aid in the rapid identification of the salts de¬ 
scribed. The index given in the left-hand coliunn is the minimum refractive 
inde:it for each compound. In order to use the table the crystalline material 
is immersed successively in the liquids indicated in the left-hand column. With 
polarizer in place and diaphragm partially closed, the material is examined 
under the microscope, trying one liquid after another, until the outlines of 
the fragment have disappeared when its refractive index has been matched 
in one position of the field. The identity of the substance is confirmed by 
the data in the central column and the name of the compound is given in the 


right-hand column. 

Table I 

Determinative Table 

Index Confinnatory Data Compound 

1.510 Confirm by immersing in liquid 1.577 

which matches 7. NH» C«Hu07 

1.517 Confirm by immersing in liquid i. 577 

which matches 7. Gluconic-7-lactone 

1.523 Confirm by immersing in liquid i. 565 

which matches 7. K CeHuO? 

1.523 Confirm by immersing in liquid i. 589 

which matches 7. Na CsHuO? 

1.570 Confirm by immersing in liquid 1.613 

which matches 7. Ba (CeHu07)2 

1.624 Confirm by immersing in liquid 1.635 

which matches 7. Pb (C6Hii07)2 

Table II 

Summary of Optical Data 



NH4CcHuO, 

KCjHiA 

NaCgHiiOT 

Ba(CeHii 07 )s Pb(CeHu07)2 Gluconic- 
HjO 7 -lactone 

Habit 

grains 

rods 

grains 

grains ^ 

grains grains 

Indices 

Ua 

1.510 

1-523 

1-523 

1-570 

1.624 1-517 

nfi 

i-SSS 

1.548 

1-569 

indet. 

1-633 1-544 

ny 

1-577 

1-565 

1.589 

1.613 

1-635 1-577 

Uy — na: 

0.067 

0.042 

0.066 

0.043 

o.oii 0.060 

Figures: 

frequent 

frequent 

frequent 

occasional 

occasional frequent 

2E 

65 ± 5" 

large 

lar^ 

indet. 

10 d: 2° large 
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Soluble Silicates in Industry. By James G. Vail. 23 X 15 cm, pp. ^3. New York: 
Chemical Catalog Company, 1928. Price: 89,50. The chapters are entitled: introduction; 
the constitution of silicate solutions; definite soluble silicates; reactions; preparation; 
commercial forms and properties; silicate cements; adhesives; sizes and coatings; defloc- 
culation and detergency; gelatinous films and gels; additional uses. 

The author has covered the ground pretty well in the chapter on the constitution of 
silicate solutions and it is not his fault that so little comes out of it. The people who experi¬ 
ment with silicate solutions seem to be singularly unsuccessful in drawing definite con¬ 
clusions from their work. The reviewer has read most of this literature fairly carefully and 
about all that one can swear to is that the amount of hydrolysis is much less than one had 
originally supposed. 

There is one bad slip on p. 55. ^^When sodium has been adsorbed on colloidal silica, 
it reduces but does not entirely destroy the tendency of the particles to coalesce.’’ Since 
colloidal silica is negatively charged, the adsorption of sodium ions would decrease the 
stability and not increase it. The author is really talking about the adsorption of hydroxyl 
ions. 

“On an industrial scale, soluble silicates are made by melting soda ash and silica or 
salt cake (NaaSOi), carbon, and silica in furnaces built of clay refractories. As in the glass 
industry, the open hearth regenerative type of furnace is most widely used, although satis¬ 
factory results are also obtained from reverberatory furnaces in which coal is burned on a 
grate and from furnaces heated with mineral oil. The temperatures in vogue range from 
r300°-i500°C., sufficient to drive out sodium chloride which is always present in the raw 
materials. In soda ash produced by the ammonia process, the amount is usually very 
small, but some of the natural sodas may contain 5 or 6 per cent. This, except from the 
point of view*^ of loss, is not objectionable because it is completely expelled with the furnace 
gases. In the regenerative system in which the gas is cooled to temperatures below the 
condensation point of sodium chloride there is a tendency for this salt to accumulate, but 
it is found after the furnace has been shut down, as sodium sulfate, the sulfur in the fuel 
having been sufficient to produce enough sulfuric acid to decompose the condensed chloride. 

“It has been proposed to prepare soluble silicates in arc furnaces and this is entirely 
possible, the question being one of cost of units of heat supplied by electricity as compared 
with those supplied by coal, petroleum or gas. The problem of refractories, however, be¬ 
comes very serious at higher temperatures for the melt contains so much silica that it 
readily attacks any basic refractory, and the equilibrium between silica and soda is such 
that highly silicious refractories fail almost equally rapidly. It w^ould therefore appear that 
future developments, if they involve high temperatures, will also have to take into account 
the necessity of enclosing the fusion in a mass which is little reactive because it is cooled, 
and the economic aspect of this is likely to be discouraging,” p. 103. 

“There is no point at which a solution of NaaO, 3Si02 may be said to be saturated, as 
homogeneous systems of the solid and water may exist in all proportions at ordinary tem¬ 
peratures. A lump of the glass which has been exposed to an atmosphere of steam will, if 
broken across, exhibit a sharply defined outer layer which, though it retains the appearance 
of glass, has lost its original hardness and becomes more resilient. This outer layer contains 
water and may easily be dissolved in hot water, though the portion which has not been 
hydrated is brought into solution very slowly and incompletely by similar treatment. 

“Morey has pointed out that these solutions are very different from the systems in which 
definite equilibria between true solutions and crystalline phases exist, and has called atten¬ 
tion to the fact that silicate of potash appearing as a viscous liquid at ordinary temperatures 
may be prepared which would not be stable as a true solution below 450° to 500^. Silica 
must, from this point of view, be regarded as present in a colloidal condition but this does 
not explain the mechanism of its behavior. Whether the solution of silicates of soda and 
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potash, like that of a high-grade animal glue, necessarily goes on in two stages, the first of 
which is hydration and the second dispersion, has not been proven, but some hydration 
can be brought about and leads to the most satisfactory solutions. Industrial methods for 
bringing such materials into solution must provide conditions which suppress hydrolysis 
and favor hydration. Glasses of the composition of the disilicate or mixture of metasilicate 
and disilicate dissolve without decomposition,’’ p. 104. 

'‘Glasses produced by the sulfate process are never equal in quality to the carbonate 
glasses. Sodium sulfate dissolves to about i per cent in the glass and can always be found 
in the solutions. Sodium sulfide formed by the action of some form of carbon on the sulfate 
is subject to serious loss by volatilization at the temperature necessary to produce the sili¬ 
cate, and it attacks the refractories of the furnace with much more vigor than the carbonate 
batch. The composition is, therefore, difficult to control. Sulfate glasses are most suc¬ 
cessfully made in continuous furnaces permitting a slow reaction. All sulfides must be 
oxidized in the final glass or the solutions will be black from sulfides of iron. Sulfate 
glasses are usually ultramarine blue, irregular from one batch to the next and unsatisfac¬ 
tory for the more refined uses of the solution,” p. 111. 

"Sodium oxide is best determined by titration with N/5 hydrochloric acid and methyl 
orange, which gives a much sharper end point in silicate than in carbonate solutions. 
Phenolphthalein always gives low results. The error is greatest with the solutions of high 
silica ratio. Stericker found the fractional amounts of the total titratable with this indi¬ 
cator [running down to 85%]. 

"This may be due to adsorption of sodium oxide on colloidal silica or to the formation 
of acid silicates. The end point is difficult to fix and this indicator should not be used. 
Methyl red and brom-phenol blue are satisfactory, but phenol red, attractive on account 
of its resistance to hydrogen peroxide, only gives part of the total sodium oxide in silicate 
solutions,” p. 157. 

"Wheeler prepared a structural material by preparing a stiff dough from short asbestos 
fiber with or without any mineral matter. This was pressed into form and baked at 200® 
to 270^0. to form a hard substance, called Alignum, which could be used for doors and trim 
but which could at the same time be worked with wood-cutting tools. Na20, 3.38102 was 
used and satisfactory fire doors were made, though at somewhat greater cost than steel 
doors, which were commercially perfected at a later time,” p. 191. 

"Setting caused by chemical reaction is usually accompanied by loss of ultimate strength 
and by increase of resistance to water, for silica gels are insoluble. Their strength is greatest 
when they are formed in the presence of little water. They are solids, while the soluble 
silicate is liquid even when so viscous as to appear perfectly rigid. A quality of toughness 
inheres in cements in which soluble silicate remains as such so long as any water is present. 
Rock-like masses of hydrated silicate show a resilience suggestive of rubber. The rebound 
of a sledge or cutting tool driven into them will amaze the iminitiated,” p. 194. 

"The advent of the fiber shipping container made from corrugated or solidly laminated 
sheets of paper has opened a wide field for silicate adhesives. The heavier laminated paper 
products such as wall board, cloth board, and paper tubes, have also assumed an important 
place in industry. Each presents its own problems of adaptation of adhesive to machine 
and papers. On this account, and because growth is still active, the processes will be sepa¬ 
rately treated in some detail but always from the point of view of the fimction of the silicate 
adhesives. The transition from wood, which is used once and burned, to paper, which can 
be reclaimed many times is of primary economic significance in a country whose forest 
reserves are being rapidly depleted in the face of an expanding industrial life and an inade¬ 
quate program of reforestration,” p. 223. 

"Casein-lime-silicate glues make joints on wood which are stronger than the wood fiber. 
They will stand prolonged immersion in water or even boiling. They have somewhat greater 
tendency than animal glues to dull knife edges of woodworking tools, but can be easily 
sawed. Among the many combinations possible it appears that casein glues free from lime 
and containing silicate can be produced with a high degree of water-resistance, but the 
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technic of their manufacture has not been divulged. They are said to have no more effect 
on cutting tools than the wood itself,’^ p. 247. 

'^Ceramic colors painted upon surfaces to be decorated with the aid of a silicate binder 
which sets in the air and permits of easy handling have been found convenient and eco¬ 
nomical, and zinc silicate glazes applied in this manner have yielded some of the most 
beautiful crystalline effects. Kraner found that step in the preparation of these glazes 
could be omitted by using a silicate solution as binder for the glaze materials and calculating 
the soda and silica of the silicate as part of the final composition. In this way the alter¬ 
native of frit, weakly attached with an organic binder which had to be burned out at a low 
temperature prior to the final firing, was avoided and decorative effects of rare beauty were 
obtained. Zinc silicate crystals are able to absorb certain coloring materials, such as the 
oxides of cobalt, manganese, copper, uranium, nickel, and iron in such a way that bright 
colored crystal masses appear upon a background of contrasting color. It is not possible 
to present this adequately in monochrome, but the author possesses two vases similar to 
the one shown in the cut. Their surfaces are strewn with delicate blue crystal tracery on a 
background of brownish buff, most pleasing to the eye. Many color combinations are 
possible,” p. 275. 

‘The process of sizing paper consists in depositing upon or among the fibers which form 
the sheet colloidal substances so chosen as to modify the finished product to fit it for specific 
uses. Rosin is the material mostly used, and its primary contribution is to impart a re¬ 
sistance to water. It does not give to paper all the desirable qualities, and as forest re¬ 
serves are depleted its cost increases. These two considerations have led to the use of 
several other colloids which serve in some instances by themselves and in other cases in 
an accessory capacity. 

“The soluble silicates fall into this group. To understand their place in the industry 
it is necessary to have clearly in mind their relation to the process of sizing with rosin. 
Both are alkaline colloidal materials, for rosin is always dispersed by making a soap which 
contains more or less free rosin. In their alkaline condition they are not retained by cellulose 
fiber and would be lost in the process of making paper unless a precipitant were used. Vari¬ 
ous salts and acids have been tried, but the one in almost universal use is aluminum sulfate, 
kno^Ti as papermaker’s alum. The theory of rosin sizing has not been set forth in such a 
way as to be completely satisfying, but it is evident that both aluminum hydroxide and col¬ 
loidal rosin play a part in giving the paper the ability to resist the penetration of water or 
aqueous inks. It has been assumed that rosin sizing and soluble silicates are incompatible. 
This is an error. It is necessary to add a sufficient amount of alum to precipitate both 
silicate and rosin when they are used together, just as they must be precipitated when they 
are used separately. Pulp which has been treated with rosin size and just enough alum will 
not be properly sized if made alkaline with silicate. When the silicate is precipitated with 
alum both are in condition to be retained and to affect the finished paper,” p. 278. 

“McDowell believes that the better color of dyed goods which have been treated with 
silicate solutions is due to the deposition of a protective film. He found indanthrene and 
other vat colors after kier treatment in the presence of silicate became insensitive to chlorine 
bleach to such an extent that goods with designs in color could be bleached by the methods 
ordinarily used for ‘gray* goods without the ned of any after treatment to restore an altered 
color,’* p. 344, 

“Of the many uses of silicate solutions, the practice of employing them for the preserva¬ 
tion of eggs is, perhaps, the most familiar. Under the name ‘waterglass,* silicates of varying 
composition, concentration, and fitness for the work are sold and regularly used by great 
numbers of householders. The process is essentially one of gelatinous film formation. The 
shell of the egg must be protected against the entrance of bacteria which cause decay. For 
this reason it is necessary to start with fresh, preferably sterile eggs. They should not be 
washed, as this removes a natural mucilaginous film and increases the danger of infection 
before the silicious gel has formed an effective seal. It is probable that both the albuminous 
constituents of the shell and the calcium compounds reduce the stability of the silica and 
thus aid the formation of gel. A silicate near the composition Na20,3.3Si02 is best. It 
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should be diluted just enough to allow the eggs to sink (about 4'’ Baum 4 ) and put into a 
stone crock or other tight container. One U.S. gallon of specific gravity 1.38 will suffice 
for 50 to 80 dozen eggs, according to size of eggs and shape of container. The eggs are 
laid in the solution and kept covered by two inches of liquid till ready for use. 

^^More dilute solutions can be used, but comparative tests indicate that when this is 
done the quality of the eggs after storage of six months or longer is inferior. Sometimes, 
especially if the container has not been tightly covered and the silicate has concentrated pr 
absorbed much carbon dioxide, the whole of the liquid will gel. This does not affect the 
quality of the eggs; but because it is unpleasant to some people to put their hands into the 
soft gel to remove the eggs for use, a more stable silicate has been proposed. Nas0,2Si0f 
under ordinary conditions of storage remains clear and liquid in contact with the eggs, but 
the preservation is not so good as that secured with the solutions containing more silica. 
This is manifest in an earlier thinning of the egg albumin and a depreciation of flavor due 
to the entrance, by dialysis, of trifling amoimts of Na20,’’ p. 385. 

^^Rayon formed by extruding viscous solutions of cellulose into a bath which coagulates 
the liquids to produce threads for a wide variety of textile uses, has of later years assumed 
great technical importance. The viscous process, which depends upon the formation of 
xanthogenate by the action of sodium hydroxide and carbon disulfide upon cellulose, is 
one of the most important. The coagulating bath first used for this process was made 
from acid salts, notably bisulfites; but it was found that the threads after leaving such a 
bath could be passed through a silicate bath with the result that they had less tendency 
to stick together. It has also been proposed to add silicate solutions to the sodium hydroxide 
used in preparing the viscose colloid, the purpose being to obtain a stiffer fiber adapted 
to the imitation of horsehair and other special uses, such as fabric for Welsbach mantles,” 
p. 409. 

Wilder D. Bancroft 

The Annual Survey of American Chemistry. Edited by Clarence J. West Vol, III, 
21 X 14 cmi VV' York: The Chemical Catalog Company, 1928 , Price: $ 3 . 00 , The 

evil that one does in chemistry apparently lives after one. Because one chairman of the 
Division of Chemistry and Chemical Technology thought that it would be a good thing 
to review American Chemistry only, his successors have to follow in his footsteps. The 
justification now is that the product sells well, which is also an argument in favor of boot¬ 
legging as a profession. 

The increase in production of lead due to selective flotation is estimated to be about 
440,000 tons, p. 113. ”The enormous existing tonnage of low grade lead-zinc sulfide ores 
is beginning to be tapped just as the richer deposits of galena are showing some signs of 
depletion. In order to utilize these low grade ores economically, it was necessary to secure 
a better separation of lead and zinc minerals than had heretofore been possible. Results 
have now been obtained which establish good separation into marketable concentrates. 
It is true that there has been some further improvement in equipment represented by the 
new type of pneumatic flotation machines, using from 2 to 3 pounds air pressure, but the 
salient factor in flotation progress has been the development of chemical ^addition agents,’ 
the reagents which cause a selective wetting of sulfide particles in the froth. The oils 
formerly used as frothing agents are still used but in greatly reduced quantities. 

”A number of special selective agents have come into use during the last few years, 
such as potassium xanthate. Xanthate was considered the best reagent a year ago and is 
still widely used in conjunction with the older reagents, especially since the litigation which 
formerly tied up its use has now been favorably settled. More recently, however, several 
newly discovered agents, which show signs of great promise in the lead-zinc field, have been 
coming to the fore. 

'^Thiocarbanilide is said to have a greater selective action and less tendency to promote 
bulk flotation of all sulfides. Phosphocresylic acid, originally devised for the selective 
flotation of copper minerals from pyrite, is finding use in separating lead and zinc minerals. 
Still others, which it is unnecessary to name, show signs of promise in selective work.” 
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'^Zinc oxide holds a unique position in outside paints which is being more clearly recog* 
ized all the time. Due to its opacity to ultraviolet light and its ability to chemically 
stabilize the film, it is coming to be regarded as an essential ingredient in all high-grade 
paints which must stand exposure to the weather no matter what other pigments are 
used/' p. 117. 

‘‘In the pigment field this trend toward process improvement and better plant control 
is even more noticeable. Modem lithopone is quite a different product from that of even 
two or three years ago, and the end is not yet in sight. Much of this development has been 
in the direction of designing the pigment for specific purposes and is the result of careful 
laboratory study of each step followed by strict plant control. In zinc oxide manufacture 
the practice of producing both paint and rubber oxide on the same furnace at the same time 
is waning. The modem practice is rather to so control the charge and the furnace that the 
product will be specially suited to either paint or rubber manufacture as the case may be. 
Even further specialization is probable in the future/' p. 118. 

“The aromatic halogen compounds have received particular attention during the last 
year. A series of papers by Nicolet and his students dealing with positive halogen in the 
benzene ring have appeared. The halogens in o-and p- halogenated amines, phenols and 
naphthols and in iodimesitylene are easily removed from the ring by the action of boiling 
hydrochloric acid. The rate of removal of halogens from halogenated phenols and naph¬ 
thols increases with increase in hydrogen ion concentration. No similar production of 
positive halogen could be obtained by m-substitution with such groups as the nitro group. 
This has led to the view that a quinoid form of the molecule may be the active form/’ p. 141. 

“A curious explosion is described by van Bmnt. A carboy containing ammonia liquor 
was used as an egg to elevate ammonia liquor. To avoid excess pressure an iron U-tube 
containing mercury was attached as a safety valve. This device has been in use daily for 
ten years, when a violent explosion occurred, limited to a small area on the ammonia side 
of the U-tube, opening the iron pipe for about four inches. The explosion may have been 
due to a mercuri-ammonium oxide, formed at room termperatures by the long exposure of 
mercury oxide to ammonia gas," p. 330. 

“McLaughlin, Highberger and Moore have demonstrated that the action of lime solu¬ 
tions upon skin is purely chemical in nature and have shown that at the point of hair slip¬ 
page (regardless of time required for slippage) a definite minimum amount of sulfur is found 
dissolved in the lime solution. This dissolved sulfur is derived mainly from the keratin 
of the skin epidermis, which holds the hair in the follicle. They show, also, thet the height¬ 
ened unhairing power of a re-used lime solution is not due—as has been variously held—to 
the presence of accumulated bacteria, enzymes, ammonia, or sulfur; but to the presence of 
small quantities of primary amines, formed largely through the action of proteolytic bac¬ 
teria upon the skin during the processes preceding liming," p. 371. 


Wilder D. Bancroft 


Heat and Thermodynamics. By J. K. Roberts, S3 X 15 cm; pp. xvi -f- 454- London: 
Bktckie and Son^ Ltd,y 19S8, Price: 30 shillings, “There shall be heard in many parts of 
Europe instruments of various sizes making divers melodies, causing great weariness to 
those who hear them most closely" (Leonardo da Vinci). 

In the fifteenth century this was said of the bells worn by mules. Perhaps it could be 
applied now as aptly to the knowledge which students have to acquire out of the concert 
of modem physics. Books, then, that collect together recent work and present the outcome 
clearly are welcome. 

Mr. Roberts' book on “Heat and Thermodynamics" should be a most useful one to the 
Honour student. With sufficient detail and yet with clarity it presents to him in chapters 
of the right length the present position of the subject, and describes briefly the experimental 
work which has led to advance. 

Reference to work of recent date and suppression of unnecessary detail about older 
experiments which survive in many books on Heat, is a noteworthy feature of this book. 



8oo 


“I^EW BOOKS 


Temperatiire, quantity of host) behavior of gaaee^ cluuige of 9 tate, eondoctiyity and 
kinetic theory, etc., are conveniently dealt with before the generalisation of thermodsrnamics 
are discussed. The chief appHcations of thermodynamics to engineering are briefly, but 
satisfactorily, described in a chapter on Power Cycle. The consequences of the two laws as 
dy"*dw X. 

expressed by ds-^ o are then followed up in two chapters on Equilibria; the 

subject is yery cleariy presented. This leads to an account of the Nemst Theorem and the 
outcome of Eucken’s examination of its yalidity. The small departures found are of par¬ 
ticular importance theoretically. The book contains a chapter on the ThermodynamiOs of 
Radiation and then ends with three chapters introducing the Quantum Theory,—^Planck’s 
radiation formula, Debye’s Theory of the Specific Heat of SoKcb and the Equation of 
State for solids as first presented by Griineisen. A riiort aeeahnt of Callendar’s work on 
the properties of steam and a useful accoimt of Thermocjynaiaic relations is appended. 
A large scale I # chart is affixed to the coyer. 

The author is to be congratulated on the siriection of matM^ for inclusion in the book, 
such as Knudsen’s inyestigations on the properties of gases a||||w Eucken’s work 

on conductivity and other interesting points which have beeSadcessible up to the present, 
only in the original papers. On some matters, such as the equipartition of energy in the 
discusrion on the specific heat of gases, a fuller treatment could have been given, but in 
such cases it is noted that the author has always referred to the pages of other treatises, e.g. 
Jeans’ Dynamical Theory of Gases, in which the matter is dWdt with fully. 

Apart from the useful scope and clear arrangement of the book, it is most of all the 
lucidity of presentation that commends it. JBgerton 

Physikalisch-chemische Praktikumsaufgaben. By Arnold Eudcm and Buddlf Siihr^ 
mann, X 15 cm; pp. xii + 2 ^0, Leipzig: Akademiache Veriagageadlsehaft, 1928 , Price: 
paper, IS marks; hound, 14 marks. In the introduction the authom **The tHraining in 
physical chemistry is done, as in most other branches of ihte natural scieni^, through 
lectures, seminars (quizes), and laboratory jn'actice. The main^ features of tSiie physical 
chemistry lectures and of the quues are pretty well standardize by now and therefore 
do not give rise to much discusrion; but it is quite different with the laboratory course be¬ 
cause this serves several quite different purposes sunultaueously. In the place it 
makes the student really familiar, by concrete illustration, with the fundamental laws of 
physical chemistry discussed in the lectures. Secondly, it gives him manipulatiye skill. 
Lastly it should bring out more completely than any lecture or text-book can do, the 
numerous connections between the physical-chemical theories and the fields in which they 
are applied.” 

It is not clear how a laboratory course can do this last better than a text-book can; 
but that is not important. The outcome is that each head of a laboratory wishes to write 
his own laboratory manual and that Professor Eucken is no exception to this rule. 

The experiments are grouped under three main heads with many subdivisions under 
each. First, we have fundamental physical methods of measurements, grouped in the 
imposing subdivisions: mechanics; optics; heat; electricity. This is followed by physical- 
chemical analysis with the same subdivisions as in the first part. The bulk of the manual 
is devoted to the determination of physical-chemical constants. Under thermal constants 
we find: homogeneous substances and solutions; homogeneous chemical equilibrium; hetero¬ 
geneous systens. Next come caloric constants and then reaction velocity. Under con¬ 
stants from the field of electrolysis we find; electrochemical equivalent; migration velocities; 
galvanic polarization. Under surface phenomena we find surface tension; adsorption; 
colloidal solutions. Under the constitution of matter the sob-heads are: molecules; atoms; 
electrons. 

The reviewer is no judge because he has never tried to run a laboratory course in physical 
chemistry; but this seems rather like a good book. The reviewer woidd have been better 
pleased if some reference had been made, p. 20 $, to the errors in the titrimetric determina¬ 
tion of adsorption. Wilder D. Bancroft 
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BY NEWTON C. JONES 

Fluorine is the most electronegative of all known chemical agents. It 
possesses an even higher oxidation potential than ozone, since ozone is pro¬ 
duced when fluorine acts on water.^ The potential of the normal fluorine 
electrode is usually given as 1.9 volts but this cannot be right as fluorine 
decomposes water and sulfuric acid. Latimer^ calculated this potential from 
thermochemical data and found a value of 2.85 volts, which is probably very 
nearly right. With fluorine, then, we should be able to duplicate by purely 
chemical means any electrochemical anode process or, in short, any oxidation 
process using any other oxidizing agent. 

Fichter, in a lecture before the Soci 6 t 4 de Chimie physique,^ formulated 
the idea as follows: would like to take from inorganic chemistry two ex¬ 
amples, the preparation of persulfates and of simple salts of trivalent cobalt. 
I am taking but these two cases because current opinion, as is found at any 
time in the literature, is that these two oxidations can be effected only in 
aqueous solution at a platinum anode; there still survives a remnant of the 
electrochemical mysticism which attributes to electrodes and to ions forces 
inaccessible to the ordinary chemist. Modern chemical thought which inter¬ 
prets all chemical phenomena as a transfer of electrons obliges us on the con¬ 
trary to postulate that we should be able to imitate all purely chemical 
reactions at the anode and that inversely we should be able to carry out all 
electrochemical reactions by purely chemical means; it is simply a question 
of finding the oxidation potential. Ozonized anodic oxygen with its potential 
of 1.9 volts with respect to the normal hydrogen electrode is found in the 
table of potentials near the head of the non-metals, immediately below 
fluorine; if we wish to equal or surpass the reactivity of anodic oxygen, 
fluorine alone is to be considered.^' 

There is yet another way of stating the idea, namely, that fluorine will 
displace the negative portion of any other substance. The actual product 
obtained will be either the negative portion of the molecule acted on, or a 
decomposition product of the negative portion, or a product of a reaction 
of the radical freed with fluorine or some other substance present at the time. 
For example, we know that chlorine is more electronegative than bromine 
and displaces the latter from its salts. This thought is the opposite of the 
well-known fact that zinc, being more electropositive than copper, will dis¬ 
place the latter from a solution of one of its salts. 

* This work is part of the programme now being carried out at Cornell University under 
a grant to Professor Bancrott from the Heckscher Foundation for the Advancement of 
B^arch established by August Heckscher at Cornell University. 

^ Moissan: Compt. rend., 119 , 570 (1899). 

* J. Am. Chem. Soc., 48 , 2868 (1926). 

* J, Chim. phys., 23 , 490 (1926). 
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Furthermore, we can say that if a mixture of substances is treated with 
fluorine, the least electronegative constituent will be liberated first, because 
it comes off at the lowest voltage. For example, if chlorine is run into a mix¬ 
ture of bromide and iodide, no displacement of the bromine will take place 
until all the iodine has been displaced, providing there is no impoverishment 
of iodide. This concept is made use of in the electrolytic separation of copper 
and zinc from an acid solution. All the copper is plated out before hydrogen 
comes off and further all the hydrogen must be plated out before any zinc can 
appear on the cathode. 

Fichter and his co-workers have shown that gaseous fluorine will oxidize 
many substances, some of which had previously been oxidized only at the 
anode. They obtained persulfate from cold saturated solutions of acid sul¬ 
fate, and dry acid sulfate but none from dry normal sulfate,' cobaltic sulfate 
from cobaltous sulfate,^ ozone and ozonates from water and alkali,* persul¬ 
fate and sulfur tetroxide from sulfuric acid,^ perphosphate, percarbonate and 
perborate from the corresponding phosphates, carbonates and borates,® and 
finally chromate and permanganate from trivalent chromium and divalent 
manganese.® 

The explanations offered by Fichter as to how and why these reactions 
proceed the way they do may be summed up as follows:— 

1. In solutions where there is but little or no sulfuric acid present, ozone 
seems to be the true oxidizing agent. 

2. In solutions containing much sulfuric acid, the labile peroxide of 
sulfur, SO4, is the true oxidizing agent. High acid concentration also retards 
the formation of hydrogen peroxide which would reduce with evolution of 
oxygen the oxidized compound formed. 

3. The oxidation always takes place by means of some intermediate 
oxidizing agent resulting from the action of fluorine on the solvent, never 
directly except where the cation of a metal fluoride is oxidized to the fluoride 
of the metal in a more oxidized condition. 

After a moment^s reflection, however, it will be evident that an inter¬ 
mediate oxidizing agent cannot be formed, as the formation of such an agent 
requires a higher potential than that necessary to cause the oxidation reaction 
that takes place. One does not say that when caustic soda solution is elec¬ 
trolyzed, sodium ion is discharged first and that then the free sodium reacts 
with the water present to give hydrogen; one says that as hydrogen ion is 
discharged at a lower voltage than sodium ion, the former will be discharged 
directly without disturbing the sodium ions at all. The modern theory pos¬ 
tulates that that reaction takes place which does so at the lowest voltage, 

^Brunner: Helv. Chim. Acta, 3 , 818 (1920); Fichter and Humpert: 6, 640 (1923); 9, 
467, 521, 602 (1926). 

* Fichter and Wolfmann: Helv. Chim. Acta, 9 , 1093 (1926). 

* Fichter and Bladergroen: Helv. Chim. Acta, 10, 549 (1927). 

^ Fichter and Bladergroen: Helv. Chim. Acta, 10, 553 (1927). 

B Fichter and Bladergroen: Helv. Chim. Acta, 10, 559, 566 (1927); 

® Fiditer and Brunner: J. Chem. Soc., 133 , 1862 (1928). 
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that is, with the least expenditure of energy. It is proposed to show that 
this theory holds for oxidations by means of fluorine in the same way that 
it holds for electrolytic oxidations at an anode. The chemical and electro¬ 
chemical cases are strictly parallel. 

The Production of Persulfates 

Fichter has shown that when fluorine acts on cold saturated solutions of 
potassium or ammonium acid sulfates the corresponding persulfates are 
formed, along with some ozone and other products. This has been confirmed 
by us. The same result was obtained by passing fluorine over dry acid sul¬ 
fates, but no persulfate was formed from dry potassium sulfate (no acid 
present). Potassium fluorsulfonate was formed as well as persulfate when 
fluorine and hydrofluoric acid were allowed to act on dry potassium sulfate. 
The reactions were formulated by Fichter as follows: 

KHSO4 + F2 = K2S2O8 + 2HF, 

3K2SO4 + F2 + 2HF = K2S2O8 + KFSO3 + H2O + 3KF. 

A complete study of the action of fluorine on potassium and ammonium 
sulfates^ showed that a highly oxidizing solution containing permonosul- 
furic acid (Carols acid, H2SO6), persulfuric acid, fluorsulfonic acid, ozone and 
another ^Vergangliches Oxidationsmittel, V.O.^^ (transient oxidizing agent) 
was formed. The conclusions found may be quoted: 

‘'(a) the yield of oxidizing agents is greater the more concentrated the 
solution chosen; 

(b) the yield of oxidizing agents is greater the lower the temperature. 
These two conditions contradict themselves in so far as at the low tempera¬ 
ture the solubility of the salts is diminished. Therefore the most soluble of 
the salts worked with, ammonium acid sulfate, gives the best yields of oxi¬ 
dizing agents; 

(c) the yield of the most efficient oxidizing agents (O3 + ^^0.) is rela¬ 
tively higher the shorter the duration of the action, as they partly decom¬ 
pose, partly change over into persulfate; 

(d) the relative yield of Oa and V.O. is greater in dilute solutions of the 
neutral sulfate than in concentrated solutions of the acid sulfate; 

(e) the relative yield of permonosulfuric acid (assuming it to be a question 
of this acid) is greater the more dilute the solution; 

(f) the quantity of the fluorsulfonic acid on the other hand rises with the 
concentration of the solution. We have not found a relation between the 
fluorsulfonic acid and the per-acids.'^ 

It was found later® that the transient oxidizing agent referred to as 
is really identical with the sulfur tetroxide, SO4, first prepared by Berthelot® 
by passing sulfur dioxide and an excess of oxygen together through an ozon- 


^ Fichter and Humpert: Helv, Chim. Acta, 9 , 602 (1926). 

* Fichter and Bladergroen: Helv. Chim. Acta, 10, 553 (1927)* 
»Compt, rend., 86, 20, 288 (1878). 



8o4 


NEWTON C. JONEB 


izer. The tetroxide exists only in solution and decomposes in a short time 
with the formation of ozone. Its actual existence mixed with sulfur trioxide 
has been since confirmed.^ 

Since the yield of persulfate is a maximum when a saturated^ solution of 
an acid sulfate (e.g. KHSO4) is electrolyzed* and when fluorine acts on an 
acid sulfate^ but no persulfate is obtained when fluorine acts on a dry normal 
sulfate, the primary reaction must be the discharge not of sulfate ions but 
of the acid sulfate ions 

2HSO4' = H2S2O8 

to form persulfuric acid. This is substantiated by the fact that in concen¬ 
trated solution the ionization of sulfuric acid is primarily as follows:® 

H2SO4 - H- -h HSO4', 

and no persulfate is ever formed from a dilute solution where the ionization 
to 2H* + SO4" is predominant. No sulfur tetroxide is formed in the elec¬ 
trolytic preparation of persulfate, so the oxidation potential of the latter 
must be less then that of the sulfur tetroxide. That some was actually 
formed when fluorine acts on acid sulfate solutions must therefore be due 
to impoverishment of the HSO4' ions and not to the sulfur tetroxide being 
formed first and then oxidizing the sulfate to persulfate. At higher tem¬ 
peratures, the persulfate is less stable, hydrolyzing to acid sulfate and ozon¬ 
ized oxygen. Hence raising the temperature diminishes the yield of per¬ 
sulfate, as was found. 

In a concentrated solution, another reaction is possible, the formation of 
fluorsulfonate. Salts of fluorsulfonic acid are formed by treating a fluoride 
with fuming sulfuric acid.^ In dilute acid or dilute alkali solutions the fluor- 
sulfonates are completely hydrolyzed to acid sulfate and hydrofluoric acid, 
but are stable in very strong sulfuric acid solution and at low temperature.® 
When concentrated sulfuric acid is electrolyzed, oxygen and hydrogen are 
given off; in other words, water is removed. In time then the sulfuric acid 
will contain an excess of sulfur trioxide, and if hydrofluoric acid is present, 
fluorsulfonic acid will be formed. Platinum anodes corrode under these 
conditions,® however, so it is cheaper to devise and run another experiment 
that will show the same thing. If on passing fluorine free from hydrofluoric 
acid into pure 100% sulfuric acid or fuming sulfuric acid, oxygen is liber¬ 
ated and fluorsulfonic acid is formed, then our explanation of the mechanism 
of the formation of fluorsulfonate is substantiated. This is actually the case, 
the reactions being 

2H2SO4 + F2 - 2HF + H2SO4.SO8 + O = HF + HFSOa + H2SO4 + O, 
H2SO4. SOs + F2 * 2HFSO8 + 0 . 

^ Meyer, Bailleul and Henkel: Ber., 55 , 2953 (1922). 

^Elbs and Schdnherr: Z. Elektrochemie, 2, 245 (1895). 

*Treadwell-HaU: ‘‘Analytical Chemistry,” 1, 8 (1921). 

* Traube: Ber., 46 , 2525 (1913). 

® Traube, Hoerenz and Wunderlich: Ber., 52 , 1272 (1919). 

• Tommasi: ‘‘Traits d’Electrochimie,” 585 (1889). 
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Therefore, when fluorine is passed into an acid solution of sulfate, fuming 
sulfuric acid is formed, which is converted into fluorsulfonate by the hydro¬ 
fluoric acid produced at the same time. More of the fluorsulfonate will 
appear the more concentrated the solution. In dilute solutions, fluorsulfonate 
cannot be formed as no sulfur trioxide can be produced (except by running 
in fluorine for a long time) and as the hydrolysis reaction of fluorsulfonate is 
the more rapid one. 

It must be emphasized that the formation of fluorsulfonate is not the 
result of oxidation but is merely a side reaction that is more prominent the 
more concentrated the solution. No relation should exist between the 
amounts of persulfate and fluorsulfonate produced. 

In a dilute solution of acid sulfate, one gets more of the Carols acid, H2SO5. 
The reason for this is apparent from the work of Muller and Schellhaas.^ 
They found that the reaction 

H2S2O8 + H2O = H2SO4 + H2SO6 

takes place. In very strong acid solution, permonosulfuric acid is not stable 
while the persulfuric acid is stable; in a more dilute solution, the permono¬ 
sulfuric acid is stable while the persulfuric acid is not, hydrolyzing according 
to the above equation. It was also found that the hydrolysis of persulfuric 
acid is catalyzed by H* ion. It can be readily seen that the reaction must be 
necessarily slow in very strong potassium acid sulfate solution as the ion¬ 
ization is chiefly as follows: 

KHSO4 = K- + HSO4' 

while in more dilute solution there are more H' ions: 

KHSO4 = K- + H + SO4" 

and the hydrolysis reaction is rapid. Also there are relatively less HSO4' 
ions in a dilute solution and simple oxidation of sulfuric acid is favored. For 
a dilute solution then the reaction for the oxidation of potassium acid sulfate 
by fluorine must be written: 

KHSO4 + F2 + H2O = KF -h HF + H2SO5. 

The latter compound is obtained in dilute solution in preference to persul¬ 
fate or fluorsulfonate. 

Of course, all the products were obtained by simply bubbling fluorine 
through an acid solution of sulfate as there were no precautions taken to 
prevent impoverishment. However, in more concentrated solutions the rela¬ 
tive yield of persulfate and fluorsulfonate must be higher, while in more dilute 
solutions the relative yield of permonosulfuric acid must be higher. This is 
in perfect accord with the experimental facts. 

Electrolysis of saturated, cold, acid sulfate solutions yields persulfate 
at the anode. The 3rields of persulfate are increased and the salt may be 
obtained at a lower concentration of either acid sulfate or acidified normal 
sulfate if fluoride ion (usually added as hydrofluoric acid) is present in the 


^ Z. Elektrochemie, 13 , 257 (1907). 
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bath used. Skirrow^ explained the effect of fluoride ion as due to oxygen 
liberated at a higher potential but obtained no persulfuric acid on electro¬ 
lyzing dilute sulfuric acid in the presence of hydrofluoric acid. Miiller,* 
however, obtained persulfuric acid by using a more concentrated solution of 
sulfuric acid and a higher current density. The yield was much smaller than 
when potassixim or sodium sulfate was used. He argued that the presence of 
fluoride ion increased the potential of the platinum anode so that oxidation 
is favored over evolution of oxygen. Curves were given to show that the 
potential rises from a value of 1.9 volts to one of 2.2 volts on adding hydro¬ 
fluoric acid. 

Isgarischew and Stepanow® studied the influence of fluoride ion on the 
overvoltage at platinum anodes in sulfuric acid and caustic potash, and 
found maxima in the potential curves for certain concentrations of fluoride 
added. ‘The raising of the overvoltage in presence of fluorides was explained 
by the formation of oxyfluorides that covered the anode with a stable layer. 
The decrease in polarization resulting from elevation of the concentration of 
sodium fluoride and ammonium fluoride was due to the solvent action of 
the salts on the fluorides and on the platinum oxides.’^ Their theory will not, 
however, explain the action of chloride, sulfate, chlorate^ and nitrate® ions 
in raising the potential of the anode, as these ions do not form complex salts 
with oxides. 

When sulfates are electrolyzed, the case is complicated by two factors 
which do not appear in the purely chemical oxidation, namely, the specific 
effect of the anode at which the oxidation takes place and the oxygen over¬ 
voltage at that anode. Bennett and Thompson® postulate that during elec¬ 
trolysis unstable intermediate products above the equilibrium concentration 
are formed, giving rise to overvoltai^e. The unstable products are the 
monatomic forms in the case of gases, e.g. Oi, Hi, Cli, etc., which are more 
reactive than the final products O2, H2, CI2, etc. At metals with high oxygen 
overvoltages the reaction 

2O1 = O2 

is slow; when the overvoltage is low, the reaction is rapid. 

Since all the electrolytic oxidations cited in the first part of this paper 
were done at platinum anodes, the specific effect of the electrode metal drops 
out and can be ignored in the following discussion. The other factor, the 
oxygen overvoltage, is the deciding one. This idea is not new. Miiller^ found 
that the presence of chloride, sulfate, chlorate or fluoride in the electrol3rtic 
bath favored the formation of periodate from iodate, the fluoride having the 
greatest effect. “The fact that the presence of fluoride ion presents the possi- 

1Z. anorg. Chem., 33 , 25 (1902). 

^ Z. Elektrochemie, 10, 776 (1904). 

’Z. Elektrochemie, 30 , 158 (1924). 

* Mtiller: Z. Elektrochemie, 10, 753 (1904). 

* Schellhaas: Z. Elektrochemie, 14 , 121 (1908). 

* J. Phys. Chem., 20, 296 (1926). 

^ Z. El^trochemie, 10, 753 (1904). 
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bility of raising the anode potential to abnormal values depends in any case 
... on the fact that thereby the evolution of oxygen at the platinum is de¬ 
creased. We can also express it: The fluoride ion raises the anodic overvolt¬ 
age of the platinum. Whence it follows that the overvoltage is dependent 
in evident measure on the nature of the electrolyte.^’ 

With the help of Bennett’s conclusions it is now possible to present an 
explanation as to how the overvoltage is raised by the fluoride ion. The 
reaction 

2O1 = O2 

is retarded by the fluoride ion, the overvoltage rises or the oxidation potential 
of the electrode is increased and oxidation is favored over oxygen evolution. 
This can happen only in case the fluoride ion is adsorbed on the anode. It 
must be emphasized, however, that an indifferent ion cannot raise the poten¬ 
tial of the electrode all the way up to, or above, the potential at which the 
indifferent ion itself is discharged, otherwise one would be lifting oneself by 
one’s own bootstraps. In no case is the indifferent ion itself discharged. 

If an ion which is not itself discharged is adsorbed on a platinum anode 
the active surface of the metal is decreased, and further, if the platinum 
is the agent that catalyzes the reaction 

2O1 = O2 

and not the adsorbed ion then the speed of this reaction will evidently dimin¬ 
ish and the overvoltage of oxygen will rise. We do know that the electrode 
metal has a catalytic action but we do not know that the adsorbed ion does 
not. Hence all we can say at present is that, for certain cases, this appears 
to be the mechanism by which the overvoltage is raised. No case has yet 
been found where the opposite is true. 

The Production of Perphosphates 

When cold fluorine is led into a cold phosphoric acid solution, a mixture 
of permonophosphoric acid (HsPOs) and perphosphoric acid (H4P2O8) is 
obtained.^ The best yield is produced from a 5M solution. Alkali phos¬ 
phates and pyrophosphates give salts of perphosphoric acid, provided a 
slight alkalinity is maintained throughout the run. Permonophosphoric acid 
is practically the sole product in strongly acid solutions; perphosphate is the 
chief product in alkaline solutions. 

Electrolysis of solutions of phosphates to which fluoride has been added 
between platinum electrodes gives solutions which contain active oxygen in 
the form of unstable salts of permonophosphoric acid and stable salts of 
perphosphoric acid.^ The best yields are obtained from practically neutral 
solutions of mixtures of the acid and normal phosphates. Ozone alone 
is the product from phosphoric acid. 

^ Fichter and Bladergroen: Helv, Chim. Acta, 10, 559 (1927). 

* Fichter and Miiller: Helv. Chim. Acta, 1, 297 (1918); Fichter and Gutzwiller: 11, 323 
(1928). 
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A really quantitative study of the electrolj^ of pho^hates was carried 
out by Fiehter and Rius y Mir6.* It appears advantageous to sununarize the 
results: 

(i) Phosphates of potassium, ammonium and rubidium on electrolytic 
oxidation at a platinum anode yield salts of perphosphoric acid. Good yields 
are obtained only when the solution is kept ^htly alkaline. 

(a) Unstable salts of permonophosphoric acid are also formed. These, 
on standing in alkaline solution, decompose with evolution of oxyi^n. 

(3) The relative amount of the permonophosphoric acid increases with 
increasing current density, with decreased concentration of phosphate pres¬ 
ent, and with increased acidity. 

Recently* more work was done on the favorable effect of fluoride ion on 
the electrolysis of phosphates to give perphosphates. The theory assumes 
that the fluoride ion is primarily discharged, then acts in a roundabout way 
through a platinum peroxide or directly on the substance in the solution 
and on the water. He then contradicts himself when he says that since the 
decomposition potential of fluorine is high, it is not dischai^ed, the anode 
being depolarized by the oxidizable substances. The latter statement is the 
right one. 

Fiehter and Rius y Mir6 explain the purely chemical and electrochemical 
formation of peracids of phosphorus from the same viewpoint by assuming 
that the electrol3rtic oxidation of perphosphate proceeds after a previous 
dehydration to pyrophosphate: 

2H,P04 = H4P2O7 + H2O. 

Oxidation then carries the pyrophosphate to perphosphate: 

H4P2O7 -1- O = H4P2OS 

To support this theory they electrolyzed a mixture of “tetra- and dipotas¬ 
sium pyrophosphates” and got perphosphate. The formation of permono¬ 
phosphoric acid was conceived as a further oxidation of perphosphate: 

H4P2O8 -h 0 -I- H2O = 2 H,P 06 . 

According to this, then, one should get more permonophosphoric acid from 
a concentrated solution where the anode potential is higher and relatively 
more perphosphoric acid from a more dilute solution where the anode potential 
is necessarily lower. More oxygen comes off at the lower potential; oxidation 
is favored at the higher potential. Therefore the highest form of oxidation 
product should be obtained at the higher potential. This is the direct opposite 
of the theory of Fiehter, and is not in accord with the experimental results. 

We must fall back on the theory that that reaction will take place which 
does so with the least expenditure of enei^. The electrolytic results and the 
results upon fluorination can be explained on the same basis and so for the 
sake of simplicity and clarity, the results will be discussed as though fluorine 
were the oxidizing agent employed. 

‘ Helv. Ghim. Acta, 2, 3 (1919). 

'Rius y Mir6: Afiales soc. espafi. fb. quim., 20, 644 (1922); Centrallblatt, III, 1249 

(1923)- 
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The best yields of perphosphate are obtained when a slightly alkaline 
solution of KH2PO4 is treated with fluorine. The ionization of this salt in 
concentrated solution may be written: 

KH2PO4 = K* + H2PO4'; 

the ionization of concentrated phosphoric acid is chiefly as follows:^ 

H8PO4 - H* + H2PO4'. 

The primary reaction must then be the discharge of the H2PO4' ions to give 
perphosphoric acid: 

2H2PO4' + H4P2O8. 

The slight excess of alkali serves to convert this into stable potassium per¬ 
phosphate. 

In a more acid solution, the oxidation to permonophosphoric acid takes 
place directly 

H3PO4 + H2O + F2 = 2HF + H3PO5, 
it being easier to oxidize phosphoric acid than it is to discharge the now much 
less concentrated H2PO4' ions. 

We have also the fact that in acid solution, permonophosphoric acid is more 
stable, while perphosphoric acid is unstable, spontaneously changing over 
into permonophosphoric acid and orthophosphoric acid 
H4P2O8 + H2O = H3PO6 + Hs PO4 
in the course of two days.® 

In alkaline solution the reverse is true. Perphosphoric acid is the stable 
compound (now present as a metallic salt); permonophosphoric acid is un¬ 
stable, breaking down to form orthophosphoric acid and ozone. Hence one 
would expect perphosphoric acid to be the chief product in alkaline solution, 
while permonophosphoric acid would be the chief product in acid solution 
(both solutions concentrated). The actual experimental results are as outlined. 

The action of fluorine on pyrophosphates is evidently the simple oxidation 
to perphosphate or permonophosphoric acid depending on whether the solu¬ 
tion is alkaline or acid. These reactions take place in dilute or concentrated 
solutions. 

In a dilute solution of phosphoric acid or of a phosphate, the oxidation to 
permonophosphoric acid can take place directly, but no perphosphate can 
be formed at all. In alkaline solution one will get only oxygen as the per¬ 
monophosphoric acid is unstable under these conditions, breaking down to 
give orthophosphoric acid and oxygen. Perphosphate can be formed only 
when the solution is alkaline and the concentration is as high as possible. 

The Production of Percarbonates and Perborates 

Fluorine oxidizes carbonates and borates to the corresponding percar¬ 
bonates and perborates.* Electrolysis of alkali carbonates yields percar¬ 
bonates;^ in the presence of much carbonate alkali borate yields perborate.® 

^Cf. Treadwell-Hall: ‘‘Analytical Chemistry,” 1, 10 (1921). 

* Fichter and Rius y Mir6: Helv. Chim. Acta, 2, 3 (1919). 

* Fichter and Bladernoen: Helv. Chim. Acta, 10, 566 (1927). 

^ Constam and von Hansen: Z. Elektrochemie, 3 , 137 (1896). 

^ Salzer: Z. Elektrochemie, 8, 900 (1902). 
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The electrolysis of carbonate for percarbonate works best when a neutral 
saturated solution of cai'bonate is electrolyzed; too much alkali or acid (more 
acid than bicarbonate) cuts the 3deld down to almost nothing. 

The formation of percarbonate from a concentrated solution of acid 
carbonate must take place according to the following scheme: 

2HCO3' - HsCaOe, 

or 2KHCO8 + Fa = 2HF + K 2 C 20 «, 

as the ions present in such a solution are chiefly K‘ and HCOa'. 

Too much acid is deleterious, as percarbonates hydrolyze^ very readily in 
acid solution to give hydrogen peroxide: 

K2C2O6 + H2SO4 = H2O2 + K2SO4 + 2CO2. 

Hydrogen peroxide or its decomposition product ozone is therefore the chief 
product in acid solution. Too much alkali inhibits the formation of percar¬ 
bonate, as the latter reacts with dilute alkali^ with the evolution of ozone: 

K 2 C 20 « + 2KOH = 2K2CO8 + H2O + O. 

Favorable 3delds of perborate are obtained only when a considerable excess 
of carbonate is present and the solution is kept slightly alkaline. Since the 
accepted formula for the perborate* is NaB02.H202 and carbon dioxide is 
evolved on electrolyzing^ we are obliged to concur with Fichter and Blader- 
groen as to the reactions involved. They do not say whether carbon dioxide 
is evolved when fluorine acts on the alkaline solution of carbonate and borate, 
nor were they able to isolate the perborate formed. Metaborate is formed 
first when carbonate or alkali acts on borax: 

Na2B407 -h Na 2 C 08 = 4 NaB 02 + CO2, 

Na 2 B 407 -f- 2NaOH = 4NaB02 “h H^O. 

These reactions are reversible and proceed toward the right as the meta- 
borate is used up in the oxidation.® Percarbonate formed primarily by the 
oxidizing agent used on alkaline hydrolysis yields hydrogen peroxide, which 
then combines with the metaborate to give the perborate. That no product 
could be isolated and that the yield decreased with the time of fluorination 
must be due to the interaction between ozonate from the action of fiuorine 
on alkali® and the perborate 

NaB 02 .H 202 + NaOH.O = NaB 02 + H2O + NaOH + O2. 

Oxygen is evolved but it has not been shown that this is the reaction which 
produces it. 

^ Friend; ‘Textbook of Inorganic Chemistry,” 5 , 137 (1917). 

* Mellor: “Comprehensive Treatise on Inorganic and Theoretical Chemistry,” 6, 83 

(1925)- 

> LeBlanc and Zelhnan: Z. Elektrochemie, 29 , 192 (1923). 

* Arndt and Hantge: Z. Elektrochemie, 28 , 263 (1922). 

* MeUor: “Modem Inorganic Chemistry,” 627 (1922). 

* Fichter and Bladergroen: Helv. Chim. Acta, 10, 549 (1927). 
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The Preparation of Fluorine 

Gaseous fluorine was prepared by the electrolysis of fused potassium 
hydrogen fluoride, according to the method first worked out by Argo, Mathers, 
Humiston and Anderson,^ later modified by Meyer and Sandow,^ and by 
Simons.® The cell proper (Fig. i) consists of a magnesium pot, which serves 



as cathode, heated electrically by a nichrome element wound around the out¬ 
side, and a magnesium diaphragm, to prevent mixing of the hydrogen and 
fluorine generated at the respective electrodes, through the top of which passes 
a heavy copper lead threaded to a graphite rod which serves as anode. The 
wire is insulated from the diaphragm by a portland cement seal, as recom- 


^ Trans. Am. Electrochem. Soc., 35 , 335 (1919). 
* Ber., 54 , 759 (1921). 

« J. Am. Chem. Soc., 46 , 2175 (1924). 
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mended by Simons. The bottom of the diaphragm is covered with a thin 
magnesimn sheet which prevents the cathodic hydrogen from entering from 
below. The diaphragm is pierced near the bottom with a number of holes to 
permit circulation of the electrolyte and is suspended in the electrolyte in 
such a way that the bottom just fails to touch the bottom of the cathode pot. 
The heating element on the cathode pot is insulated from the latter by one 
layer of asbestos paper. Several layers of asbestos paper outside of this pre¬ 
vent excessive loss of heat. The temperature of the bath is determined by a 
thermometer inside a magnesium well which is immersed in the electrolyte. 
Copper has been used on previous cells but is somewhat corroded by the 
electrolyte. Magnesium resists perfectly the action of hydrofluoric acid* by 

forming on its surface a thin adherent 
coating of magnesium fluoride which is 
insoluble even in the hot electrol3rte. 
For this reason all parts coming directly 
in contact with the hot electrolyte were 
made of magnesium. No corrosion of 
the cell is apparent after more than a 
year’s use. 

The original cell was kindly loaned us 
by Professor Frank C. Mathers of Indiana 
University. The cathode pot was too 
large, however, requiring too much elec¬ 
trolyte. One of a smaller diameter was 
kindly made and given us by the Mag¬ 
nesium Corporation of America. 

The cathode pot stands inches high and is 3! inches internal diameter; 
the diaphragm is 7 inches high by 2 inches internal diameter. Both pieces 
are 1 inch in wall thickness. The anode is a one-inch graphite rod 6^ inches 
high. The thermometer well was made by drilling a 5/16 inch hole almost 
through a f inch magnesium rod 9 inches long. 

A } inch copper tube leads off from the top of the anode compartment 
and connects to a double U-tube made of copper (Fig. 2) by means of a copper 
flange union. The figure shows but one of the U-tubes as the second is an 
exact duplicate of the first. The U-tubes contain lumps of sintered sodium 
fluoride which remove hydrofluoric acid gas from the fluorine. No other at¬ 
tempt at purification of the fluorine was made as other impurities* are present 
in but small amount and are not harmful. The caps on the U-tubes consist 
of a copper plug around which a screw cap fits, and a set screw. The plug is 
set on the top of the tube and the casing is screwed down fairly tightly on the 
tube; the set screw is then turned down until the plug is tight. This arrange¬ 
ment prevents corrosion of the threads. It was first used in this laboratory 
on Professor Dennis’ fluorine cell. A platiniun tube screws onto the outlet 



t Chem. Met. Eng., 31 , 383 (1924). 

* See Meyer and Sandow: Ber., M, 759 (1921). 
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of the last U-tube and carries the fluorine under the surface of any solution 
one has to work with. Platinum is the only substance that resists mineral 
acids and alkali as well as hydrofluoric acid. 

The potassium hydrogen fluoride used as electrolyte was Kahlbaum’s 
purest and was found to be especially good for this purpose. About 1500 
grams are used for each charge and may be used for a considerable length of 
time before replacement is necessary. The cell is heated by an element con« 
nected through an ammeter and rheostat to the no-volt alternating-current 
line. Four to five amperes are sufficient to keep the electrolyte just above 
the melting temperature during a run, although more current is necessary 
when originally heating the bath. Professor Mathers recommends that the 
temperature be kept as low as possible and not have the electrolyte solidify, 
as too high a temperature causes excessive loss of hydrofluoric acid, ‘anode 
effect^ and no fluorine. The anode effect was got around by putting no 
volts direct current on the electrolyzing circuit, in which an ammeter, a volt¬ 
meter, and a rheostat were also suitably connected. ^ 

On starting the electrolysis, the anode covers itself with a film of oxygen, 
because the water in the bath electrolyzes out first before any fluorine will 
appear. This film is not pierced appreciably by 40 volts, but no volts breaks 
through with ease. Electrolysis is carried out at 2-3 amperes until fluorine 
comes off, when the voltage across the cell decreases and the current may be 
stepped up to 6-8 amperes without polarization of the anode. 

If the cell is allowed to stand hot, the outlet tube from the diaphragm 
plugs up with sublimed electrolyte. This trouble is avoided by heating the 
outlet tube from time to time to melt the acid fluoride out of it, as recom¬ 
mended by Simons. 

As electrolysis proceeds, hydrofluoric acid is used up and the bath be¬ 
comes richer in potassium fluoride, increasing the melting point. The elec¬ 
trolyte when cold is then deliquescent but no precautions are taken to keep 
the electrolyte out of contact with atmospheric moisture. Not much water 
gets in the bath and this is soon boiled and electrolyzed out when the cell is 
again used. Potassium acid fluoride melts at about 220° but the electrolyte 
may be used until the melting point is over 300®. 

The cell delivers about 250 cc. fluorine per ampere per hour and may be 
used for at least thirty to forty hours at 5-6 amperes before it is necessary to 
replenish the electrolyte. The current efficiency of the cell is about 30%, 

The Production of Hydrogen Peroxide 

The electrolysis of cold, concentrated solutions of alkali yields primarily 
hydrogen peroxide at the anode.^ Ozonate is also formed but comes from a 
secondary reaction. The maximum yield of hydrogen peroxide is obtained 
from a 33% solution of potassium hydroxide at —40® using platinum elec¬ 
trodes. The ozonate yield increases continuously as the temperature is 
lowered down to — 60®. 

^ Biesenfeld and Keinhold: Ber., 42 , 2977 (1909). 
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Fichter and Bladergroen* passed fluorine into loN (about 40%) potas* 
sium hydroxide solution at 0° and obtained hydrogen peroxide at first and 
then relatively much more of the ozonate while explosions in the reaction 
vessel took place. This ozonate was considered to be partly transformed to 
potassium tetroxide and to partly decompose water to give hydrogen perox¬ 
ide, oxygen, and alkali. 

If our theory is right, the primary reaction should be the discharge of 
hydroxyl ions, which unite to form hydrogen peroxide. Ozonate and other 
products must be due to secondary reactions, depending on the temperature 
(stability of the compounds formed) and concentration of the alkali solution 
used. 

The reaction 

aHsO, -f- 2KOH = (KOH)sO* -|- 2H2O 

is evidently the low-temperature one, as greater sdelds of it are obtained the 
lower the temperature, while the reactions 

2H2O2 + (K 0 H )*02 = 2 K 0 H + 2HjO + 202 , 

HjOj = H2O + O 

are apparently the high-temperature reactions (0°). This means that we 
should get a maximum in the hydrogen peroxide formed at some temperature, 
more ozonate the lower the temperature, and more oxygen the higher the 
temperature. High concentrations of OH' ions should also favor hydrogen 
peroxide formation. This is actually the case. 

The identity between the electrolytic and the purely chemical reactions 
was tested out by passing fluorine into a 33% potassium hydroxide solution 
(freed of carbonate by adding a few crystals of barium hydroxide) at — 40° 
to —45°. The solution used is the one Riesenfeld and Reinhold employed. Hy¬ 
drogen peroxide was formed abundantly from the very start; ozonate did not 
appear (tested by the darkening of the solution) until fluorine had been bub¬ 
bled through the solution for some time. No explosions occurred at any time 
during the fluorination, but the fluorine bubbled quietly and steadily through 
the solution. 

Oxidation of Divalent Cobalt 

The oxidation of cobaltous salts to the cobaltic salts is the first case of 
direct oxidation of the cation that was done with fluorine.^ It was found that 
in solution in 8N sulfuric acid cobaltous sulfate is oxidized to cobaltic sulfate. 
This experiment was confirmed by us. On the other hand, a solution of co¬ 
baltous carbonate in dilute sulfuric acid gives only small amounts of cobaltic 
salt. If the hydrofluoric acid concentration is allowed to rise a compound of 
the formula CoF2.sHF.6H2O is the chief product. On the basis of these 
results Fichter assumes an intermediate oxidation product from the action 
of fluorine on sulfuric acid that “alone can effect the oxidation of bivalent 
cobalt to trivalent cobalt.” 


' Helv. Chim. Acta, 10, 549 (1927). 

* Fichter and Wolfmann: Helv. Chim. Acta, 9 , 1093 (1926). 
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The last statement cannot be true. It is easier to oxidize cobaltous to 
cobaltic than it is to discharge sulfate ions, because ozone or a lead peroxide 
anode will cause the oxidation to take place^ but will not liberate free sulfur 
tetroxide from any sulfate solution. The oxidation equation must be written 
thus: 


2C0SO4 + H2SO4 + F2 = Co2(S04)3 + 2HF. 

In a dilute acid solution, oxygen will come off in preference to oxidizing 
the cobaltous salt as the normal potential for the reaction Co*' —Co'*' is 
quite high, 1.8 volts. In the presence of much fluoride the insoluble cobaltic 
fluoride should be formed. Barbieri and Calzolari^ electrolyzed between 
platinum electrodes a saturated solution of cobaltous fluoride in 40% hydro¬ 
fluoric acid and obtained cobaltic fluoride as a green powder which did not 
redissolve on stopping the current. Hydrogen peroxide reduces the com¬ 
pound or solutions of it immediately to the cobaltous state. As high con¬ 
centrations of acid do not permit the formation of hydrogen peroxide, one 
should get the cobaltic fluoride on treating Barbieri and Calzolari's solution 
with fluorine. The observation of Fichter that only cobaltous fluoride is 
formed must be a case of experimental error. 

To test this out, 5 grams of cobaltous carbonate were dissolved in 25 cc. 
48% hydrofluoric acid in a platinum crucible and fluorine was bubbled through 
for an hour. At the end of that time the solution was much darker in color 
and reacted with hydrogen peroxide energetically with the evolution of 
oxygen. Neither hydrofluoric acid itself nor a solution of cobaltous carbonate 
in hydrofluoric acid would give this reaction. It is evident then that cobaltic 
fluoride was formed, substantiating the analogous electrotytic oxidation. 

The Oxidation of Manganese 

In sulfuric acid solution, manganous sulfate is oxidized anodically to 
manganese dioxide and in hydrofluoric acid solution to manganese tetra- 
fluoride, according to Skirrow.® No permanganate is formed until all the 
manganous manganese is oxidized. In sulfuric acid solution, no perman¬ 
ganate ever resulted, as all the manganous ion is not oxidized to manganese 
dioxide. This was substantiated by running two experiments showing that 
suspensions of manganese dioxide in sulfuric acid and in hydrofluoric acids 
are oxidized readily to permanganate. 

Muller and Koppe,^ however, found that, in the presence of hydrofluoric 
acid, the manganous salt reduces both pemianganate and manganese dioxide 
to the manganic state, according to the following scheme: 

Mn04' + 4Mn" + 8H’ = sMn*" + 4H2O, 

Mn02 + Mn" + 4H' == 2Mn"* + 2H2O. 

^ Marshall: J. Chem. Soc., 59 , 760 (1891). 

* Atti Accad. Lincei, (5) 14 l, 464; J. Chem. Soc., 8811 , 393 (1905). 

* Z. anorg. Chem., 33 , 25 (1902). 

^Z. anorg. Chem., 68, 160 (1910). 
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Manganese dioxide dissolved in hydrofluoric acid only when manganous salt 
was present. 

It is probable that Skirrow jumped to the conclusion that he had obtained 
manganese tetrafluoride by anodic oxidation of manganous salt in hydro¬ 
fluoric acid solution by reasoning from the analogous experiment in sulfuric 
acid which gives manganese dioxide. However, he got a rose-red precipitate 
on adding ammonium fluoride. Complex fluorides of trivalent manganese 
are red in color^ while complex fluorides of tetravalent manganese are yellow.^ 

Evidently one gets trivalent manganese on electrolytic oxidation of man¬ 
ganous salt in hydrofluoric acid solution, while tetravalent manganese is 
formed when sulfuric acid is used. This must be due to the fluorides of tri¬ 
valent manganese being more stable than the fluorides of tetravalent man¬ 
ganese, while manganese dioxide is the more stable form when other acids 
besides hydrofluoric are used. This was confirmed by adding hydrofluoric 
acid to a solution of manganese disulfate in sulfuric acid. Oxygen is evolved 
and the manganese is reduced to the manganic state. No oxidation to per¬ 
manganate can take place as long as divalent manganese is present, as the 
latter reduces permanganate.* 

The action of fluorine on solutions of manganese salts is strictly analogous 
to the anodic oxidation, as one should expect, Fichter and Brunner^ could 
not make manganese tetrafluoride but easily obtained the trifluoride by 
passing fluorine through a suspension of manganous fluoride. The strong 
sulfuric acid solution of manganous sulfate gave the unstable sulfate of tetra¬ 
valent manganese. Dilution of this solution yielded manganese dioxide. 
Permanganate was found only when a dilute solution of manganous sulfate 
in strong sulfuric acid was treated with fluorine. The obvious explanation 
is that all the divalent manganese must be oxidized to a valence of three or 
four before any further oxidation can take place. 

Sem* has assumed that salts of trivalent manganese possess the structure, 
take manganic sulfate for example, 

.so.. 

Mn<( >Mn=S 04 

^SO/ 

in which the manganese has a valence of two and four rather than the simpler 
structure 

Mn 

where the manganese appears only with a valence of three. In support of 
this view he cited the fact that manganic salts hydrolyze into manganese 
dioxide and a manganous salt: 

^ Christensen: J. prakt. Chem., (2) 35 , 57 (1887). 

^ Weinland and Lauenstein: Z. anorg. (Jhem., 20, 40 (1899). 

^ Compare Volhard method for determining manganese. Treadwell-Hall: ^^Analytical 
Chemistry,” 2, 521 (1924). 

* J. Chem. &c., 133 , 1862 (1928). 

^ Z. iBlektrochemie, 21, 426 (1915). 


/SO.s^ 
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MnsCSOOs + 2H2O = MnS04 + 2H2SO4 + Mn02. 

Christensen^ found that water decomposed the complex salt potassium 
manganifliuoride with the formation of a ^^higher oxide of manganese/' This 
was undoubtedly manganese dioxide as he obtained the potassium mangani- 
fluoride by heating manganese dioxide with acid potassium fluoride. This 
supports the view that the fluoride of tetravalent manganese is less stable 
than the fluoride of trivalent manganese and will therefore be formed when 
fluorine acts on manganous fluoride. 

This, coupled with the work of Muller and Koppe, makes it a certainty 
that fluorine will oxidize manganous fluoride to manganic fluoride and as 
soon as all the divalent manganese has disappeared, oxidation to perman¬ 
ganate will take place. 

We are now in a position to explain how manganous sulfate is oxidized 
by fluorine. The first stage is the oxidation of the manganous sulfate to 
the manganic state: 

2MnS04 + H2SO4 + F2 == Mn2(S04)3 + 2HF. 

One cannot assume that free sulfate or persulfate does the oxidation as the 
latter proceeds at a lower voltage than either of the other two processes. No 
salt of tetravalent manganese can form because hydrofluoric acid is always 
present. 

As soon as all the manganese ions are oxidized to manganic, then oxidation 
proceeds directly to the permanganate stage, since tetravalent manganese 
is not stable in the presence of fluoride and manganate is stable only in alka¬ 
line solution.^ The reaction follows: 

Mn2(S04)3 + 8H2O + 4F2 = 2HMn04 + 3H2SO4 + 8HF. 

The concentration of the acid must be high in order to get permanganate, 
otherwise ozone or hydrogen peroxide is also formed from the action of 
fluorine on the water and permanganate is not stable in contact with either. 

The Oxidation of Chromiiun Salts 

Acid chromium sulfate solutions are oxidized anodically to chromate.® 
The chemical counterpart of this reation was worked on by Fichter and Brun¬ 
ner.^ To quote from their paper: '‘A solution of chromium alum, acidified 
with very dilute sulfuric acid, is not altered by the passage of fluorine for 
several hours, but if the concentration of the acid is as high as 1.5N, a regular 
oxidation to chromic acid sets in, and is easily recognized by the change of 
color from violet to yellow. Higher concentrations of acid have the same 
effect. The oxidation is certainly indirect, for if the amount of chromic acid 
is determined by titration, the fresh solution, which evolves ozone, has about 

* J. prakt. Chem., (2) 35, 57 (1887). 

* Mellor: ^‘Modern Inorganic Chemistry,” 478 (1922). 

’ Allmand and Ellingham: ^Applied Electrochemistry,” 472 (1924). 

^ J. Chem. Soc., 133, 1862 (1928). 
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1.5 times the possible oxidizing power. After standing overnight or heating 
on the water bath, the excess of oxidizing substances is destroyed, and the 
solution has an oxidizing power corresponding exactly to the theoretical 
amount of chromic acid. The oxidizing substance must be sulfur tetroxide, 
for it is effective at 0°, whereas persulfate oxidizes chromic salts only at 
higher temperatures.” 

When oxidation takes place in strongly acid solutions, the primary re¬ 
action must be the formation of chromate, 

Cr2(S04)3 + 8H2O + 3F2 = 2H2Cr04 + 3H2SO4 + 6HF. 

The oxidation of chromic salts is a relatively easy process compared with 
the formation of either persulfate or sulfur tetroxide; and therefore the latter 
can only be formed as a result of impoverishment of chromic ions. That no 
oxidation takes place in weak acid solutions is due to its being easier to form 
oxygen than it is to oxidize chromium. 

Fluorine also acts apparently as a reducing agent. We will quote again 
from Fichter and Brunner’s paper: ‘Tf a dilute solution of potassium dichro¬ 
mate is treated with fluorine, it becomes green and is reduced to chromic salt, 
most probably the fluoride. . . . This contradictory behaviour must be ex¬ 
plained by the intermediate formation of hydrogen peroxide, thus: 

2H2O “1“ F2 ~ H2O2 “I” 2HF. 

The formation of hydrogen peroxide can be detected by working with a small 
quantity of chromic acid and in the presence of dilute sulfuric acid; under 
these conditions and by proper cooling we obtain the blue perchromic acid 
soluble in ether. Perchromic acid is very unstable, losing oxygen and yiel¬ 
ding chromic salts;in this manner the reduction of dichromate can be carried 
out quantitatively by prolonged treatment with fluorine. . . . 

*^Both reactions which chromium undergoes under the influence of 
gaseous fluorine must be explained by intermediate products formed by the 
action of fluorine upon water and upon sulfuric acid. Consequently, in 
oxidations with fluorine, an excess of this gas is often detrimental, for it 
destroys, by secondary reactions, the substances which it formed at first.” 

Since it is a well-known fact that hydrogen peroxide is the reagent used 
to get the blue perchromic acid test for chromium, the latter reaction must 
take place at a lower potential than that necessary to form hydrogen peroxide. 
Hence the primary reaction will be the oxidation to perchromic acid and not 
the formation of hydrogen peroxide: 

H2Cr04 + H2O + F2 = 2HF + HaCrOft. 

The secondary reaction is the catalytic decomposition of this acid in the 
presence of either sulfuric acid or hydrofluoric acid which are present in 
small amounts: 

2H2Cr06 + 6HF = 2CrF3 + 5H2O + 5O, 

2H2Cr05 + 3H2SO4 = Cr2(S04)3 + 5H2O + sO. 
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We see then that oxidation takes place first; but the chemistry of the sub¬ 
stances formed is responsible for the reduction to chromic salts. Fichter 
showed that perchromic acid was actually formed, by obtaining a blue color 
upon shaking with ether a solution of chromate to which had been added a 
few bubbles of fluorine. 

Chromium sulfate cannot be oxidized in weak acid or neutral solution, 
as the catalytic reduction is more rapid than the oxidation. The sum total 
effect is simply the evolution of ozonized oxygen. 

Electroljdic and Chemical Oxidation of Lead Salts 

When an acid solution of lead nitrate is electrolyzed between platinum 
electrodes, all the lead is deposited on the anode as lead dioxide.^ Elec¬ 
trolysis of pure sulfuric acid (sp. gr. 1.7-1.8) between lead electrodes yields 
lead disulfate, which hydrolyzes to lead dioxide when the solution is diluted.- 
Electrolysis of a solution of lead sulfate in a more dilute sulfuric acid (sp. gr. 
1.07-1.14) yields chiefly lead dioxide, although small quantities of lead disul¬ 
fate are found in the bath.'* Electrolysis of lead acetate solutions yields lead 
dioxide at the anode, which is supposed to result from the hydrolysis of lead 
tetra-acetate."* 

The fundamental anode process involved in all these cases is the oxidation 
of the lead from the plumbous to the plumbic state. Whether the plumbic 
lead so formed remains as such in the solution, comes out as a salt of tetra- 
valent lead, or hydrolyzes to lead dioxide will depend entirely on the proper¬ 
ties of the solution. Very strongly acid solutions evidently stabilize salts of 
tetravalent lead, while, in slightly more dilute solutions, lead dioxide sepa¬ 
rates as a result of hydrolysis. 

It has been said^ that tlie only function of the current is to tend to set 
free ions at the electrodes; what happens afterwards is purely a matter of 
chemistry. 

When fluorine is passed into acid solutions of a lead salt, no lead dioxide 
separates, neither docs the solution darken, nor lead fluoride separate. How¬ 
ever, the solution liberates iodine from potassium iodide and oxidizes man¬ 
ganous sulfate to permanganate. Addition of sodium hydroxide causes a 
reddish-brown precipitate to separate, soluble in excess on heating; am¬ 
monium hydroxide gives the same precipitate but it is insoluble in excess, 
hot or cold. This precipitate is partially soluble in concentrated nitric acid, 
a brown residue of lead dioxide remaining. 

The oxidizing action of the solution may be due to any of four factors: 
(a) dissolved hydrogen peroxide, (b) dissolved ozone, (c) possible hypo- 
fluorite (HOF) comparable to hypochlorite (HOCl), (d) plumbic lead. The 
first is ruled out because a trace of permanganate is not decolorized, even on 

^ Treadwell-Hall: ‘^Analytical Chemistry,’* 2, 179 (1924). 

* Elba and Fischer: Z. Elektrochemie, 7, 343 (1900). 

® Elba and Ilixon: Z. Elektrochemie, 9, 267 (1903). 

* Elba: Z. Elektrochemie, 3, 70 (1896). 

^ Bancroft, Trans. Am. Electrochem. Soc., 8, 33 (1905). 
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long standing; besides, the solution will oxidize manganous salt to perman¬ 
ganate. The second and third are ruled out because half an hour’s boiling 
of the solution does not affect its oxidizing properties. The only tenable posi¬ 
tion therefore is that tetravalent lead is present in the solution. This is con¬ 
firmed by the fact that ammonia precipitates lead dioxide. 

If now fluorine is passed through an alkaline solution of a lead salt, say 
lead hydroxide, lead dioxide separates immediately. When fluorine is bubbled 
through a suspension of white lead in water, the color darkens immediately 
and lead dioxide may be detected in the precipitate by simply taking a 
sample and leaching out the soluble salts with nitric acid. But if fluorine is 
bubbled long enough to neutralize the basic constituents of the white lead and 
the suspension becomes acid, the precipitate again turns white. The solution 
after filtering and boiling, however, shows an oxidizing reaction and lead 
dioxide may be obtained by treating with ammonium hydroxide. 

To confirm these experiments, fluorine was bubbled through neutral and 
alkaline suspensions of lead sulfate and lead fluoride. The solutions were 
respectively acid and alkaline at the end of half an hour, when fluorination 
was stopped. The acid solutions were colorless and the precipitates white 
but the former showed oxidizing properties and lead dioxide could be sepa¬ 
rated by making alkaline with ammonia. The alkaline suspensions, on the 
other hand, were dark-colored and the precipitates contained lead dioxide. 

The foregoing experiments indicate that in the presence of fluoride and 
acid, plumbic lead is soluble. It is worth noting here that chlorine, h3T)o- 
chlorite, bromine, hydrogen peroxide and persulfate will oxidize lead to lead 
dioxide only in alkaline solution.^ No mention is made as to whether plumbic 
lead is formed in acid solution. 

If plumbic lead is soluble in acid solutions containing fluoride, one should 
be able to dissolve lead dioxide in an acid solution of fluoride. Mathers^ 
states that freshly prepared lead dioxide is insoluble in 50% hydrofluoric 
acid but is readily soluble in the 96% acid. Dry lead dioxide is not soluble 
even in the anhydrous acid but is soluble on fusing with potassium hydrogen 
fluoride. If potassium or ammonium fluoride is first added, the solution 
of lead dioxide is more stable due to the formation of a double salt of lead 
tetrafluoride in solution. On the other hand, Zotier* found that lead dioxide 
is attacked very slowly by mineral acids and by alkali and that the rate of 
solution is accelerated greatly by warming the reagents. 

Mathers fails to state whether small amounts of lead dioxide did dissolve 
in more dilute acid. In order to show that this is actually the case some 
experiments were tried. Lead dioxide itself is not soluble at all in acid solu¬ 
tions of fluoride, hot or cold. Small amounts of red lead, Pbt04, are insoluble 
in potassium fluoride or potassium sulfate but nuiy be dissolved completely 
when the solutions are acidified with hydrofluoric acid and warmed. The 

‘ Treadwell-Hall: “Analytical Chemistry,” 1, 219 (1921). 

* J. Am. Chem. Soc., 42 ,1309 (1920). 

•Bull., (4) 21, 244 (1917). 
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solutions show the oxidizing reactions of tetravalent lead. Lead tetra¬ 
acetate dissolves completely in acid solutions of fluoride in the cold; but lead 
dioxide separates on diluting the solution excessively. However, the solution 
itself still exhibits oxidizing properties. Hutchinson and Pollard^ say that 
the hydrofluoric acid solution of lead tetra-acetate may be evaporated to 
dryness without separation of lead dioxide if a little ammonium fluoride is 
added first. Neutralization of all the above solutions precipitates lead 
dioxide. 

It has been shown that tetravalent lead can and does exist in solutions 
containing hydrofluoric acid in relatively low concentration, and that such 
solutions are obtained upon fluorinating suspensions or solutions of divalent 
lead salts. However, the fluorinations were all run in the presence of an excess 
of the divalent lead; none of the oxidations were run to completion. No ap¬ 
preciable amount of fluoride ion could be present in the solution even after 
fluorine had been passed in for some time as lead difluoride never precipi¬ 
tated though it is insoluble even in moderately acid solution. This meant 
one of two things, that the lead tetrafluoride is not dissociated in solution 
or that the fluorine has gone into a complex ion. 

There are no data on lead tetrafluoride itself but the hydrofluoplumbic 
acid H2PbF6 has been prepared, in solution only.^ An acid H4PbF8 has been 
mentioned.* The free acids have never been isolated but the salts of both 
are known.^ The work of Furman on tin tetrafluoride* throws considerable 
light on the behavior of the lead tetrafluoride. Stannic tin in acid solution 
containing hydrofluoric acid does not hydrolyze on great solution or after 
long standing, is not reduced to the metal electrolytically, is not reduced 
to the stannous condition or to the metal on boiling with zinc or aluminum, 
gives no precipitate with hydrogen sulfide, and on neutralization does not 
precipitate all the tin, considerable remaining in solution. From this he 
concludes that solutions of stannic fluoride “give none of the characteristic 
reactions of the stannic ion.” This behavior is characteristic of fluorides of 
antimony, tungsten and molybdenum in their highest states of oxidation.* 

Furman summarizes the behavior of acid solutions of stannic fluoride as 
follows:^ “The function of the hydrofluoric acid ... is a double one—it 
represses the dissociation of certain fluorides to such an extent that... it is 
difficult or impossible to observe any of the reactions of the ions of these 
metals; further, the acid supplies a sufficient concentration of hydrogen ions 
to prevent the hydrolysis of the metal fluorides. There are at least two ways 
in which we might explain the apparent absence of the ions of these metals, 
when a suitable quantity of hydrofluoric acid is present. These different 

^ J. Chem. Soc., 69 , 212 (1896). 

* Fischer and Thiele: Z. anorg. Chem., 67 , 312 (1910). 

* Brauner: Z. anorg. Chem., 7 , 2, 9 (1894). 

* ^^Gmelins Handbuch der anorganischen Chemie,’’ 5 , 64 (1926). 

^ J. Am. Chem. Soc., 40 , 895 (i9i8). 

* McCay and Furman: J. Am. Chem. Soc., 38 , 640 (19x6). 

’ J. Am. Chem. Soc., 40 , 913 (1918). 
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view-points may be illustrated by the facts relating to stannic fluoride, as 
follows: 

^^(a) Stannic fluoride undergoes a slight initial dissociation into its ions, 
as indicated by its very slight conductivity. A suitable excess of hydrofluoric 
acid represses this dissociation to such an extent that none of the character¬ 
istic reactions of the stannic ion can be observed. 

‘^(b) Stannic fluoride may form a complex with the excess of hydrofluoric 
acid, of the general type HnSnF4+„. Any tendency of the complex to disso¬ 
ciate and give rise to the formation of ions of stannic tin would be diminished 
or completely prevented by a sufiicient excess of hydrofluoric acid.’^ 

Furman believes the first explanation to be the more tenable, giving three 
reasons why the complex acid cannot exist. Stannic fluoride can be made 
to hydrolyze completely, an electrometric titration with alkali shows no in¬ 
flection for a complex acid, and hydrogen sulfide precipitates the tin prac¬ 
tically completely from solutions containing much alkali fluoride where con¬ 
ditions are ideal for the formation of a complex. 

Since silicon forms compounds of the type HzSiFe readily and since stannic 
tin forms such complexes with difficulty, if at all, it appears very probable 
that lead tetrafluoride exists as the undissociated salt in the solutions re¬ 
sulting from the fluorination of solutions of plumbous salts. This belief must 
be modified somewhat, however. 

We have found that a lead anode in hydrofluoric acid corrodes to give 
some tetravalent lead but no lead dioxide separates. A solution of lead 
difluoride in nitric acid, when electrolyzed, yields no lead dioxide at the anode 
but simply a solution of tetravalent lead. Lead dioxide dissolves much more 
readily in hydrofluoric acid solutions containing plumbous lead than it does 
in acid solutions alone or in acid solutions containing potassium fluoride. 
Some lead difluoride separates when the hydrofluoric acid is added but this 
goes back into solution almost immediately. Neutralization of the mixtures 
obtained on fluorination of solutions of lead salts precipitates in every case a 
plumbous-plumbic oxide and not lead dioxide alone. It appears therefore 
that the lead tetrafluoride is stabilized by plumbous ion more than it is by 
acid or by another metal ion. The acid serves merely to prevent hydrolysis 
by repressing the ionization of the tetravalent lead salt. Although the lead 
tetrafluoride has not been isolated for analysis, it is believed the compound 
is of the type PbF2.PbF4 and not of the type H2PbF6 or K2PbF6. 

It is worth noting that the great difference between lead tetrafluoride 
on the one hand and lead tetrachloride or disulfate on the other hand is the 
low concentration of acid which is necessary to prevent hydrolysis of the 
tetrachloride. 

The Kolbe Synthesis 

Electrolysis of concentrated solutions of the alkali acetates yields chiefly 
ethane and carbon dioxide at the anode.^ It should be possible to duplicate 
this reaction with flurine and further avoid the complication of the cathode 

^ Kolbe: Ann., 69 , 257 (1849). 
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reaction. This was found to be the case^ and the reaction may be written 
as follows: 

2 C^H3C00K + F2 = CjHe + 2CO2 + 2KF. 

A number of theories have been advanced to account for the facts and the 
synthesis is by no means as simple as the above reaction indicates. Methane, 
ethylene, methyl alcohol, methyl acetate, carbon monoxide and other sub¬ 
stances have all been obtained from acetate solutions. It is intended to 
make a more complete study of the Kolbe reaction. 

Summary 

1. The chemical action of fluorine on aqueous solutions is the same as 
the electrolytic anode reaction plus any disturbances due to the hydrofluoric 
acid formed. 

2. Instead of reacting with the water of the aqueous solution, fluorine 
forms persulfate from acid sulfate solutions, perphosphate, percarbonate, and 
perborate from the corresponding phosphates, carbonates, and borates, 
hydrogen peroxide from alkali, ethane from potassium acetate solution, and 
oxidizes cobaltous, chromic, manganous and plumbous salts to salts con¬ 
taining the metal with a higher valence. 

3. Electrolysis of pure sulfuric acid gives H2S04.S()3 at the anode. 
Fluorine gives fluorsulfonic acid because the hydrofluoric acid formed com¬ 
bines with the sulfur trioxide to give this acid. 

4. Certain indifferent ions, when present in an electrolytic bath, raise 
the potential of the anode since they are adsorbed on the anode, cutting down 
the rate of the reaction 2()i = O2. It appears that those ions which are 
adsorbed on the anode and which are not themselves discharged raise the 
overvoltage of oxygen at that anode. 

5. Fluorine was generated by the electrolysis of fused potassium acid 
fluoride in a modification of the magnesium cell devised by Professor Mathers. 

6. The primary action which takes place when fluorine acts on cold, 
concentrated solutions of alkali is the discharge of hydroxjd ions to form hydro¬ 
gen peroxide. Ozonate and ozone are the result of secondary reactions. 

7. Contrary to what Fichter found, cobaltous fluoride in hydrofluoric 
acid solution is oxidized to cobaltic fluoride by fluorine. 

8. Manganese dioxide is the final product when manganous salts are 
oxidized in presence of an excess of the latter, except when hydrofluoric acid 
is present, when the final product is manganic fluoride (MnFg). Perman¬ 
ganate results in both cases only after all the manganous ions are oxidized 
to a higher intermediate stage of oxidation. 

9. The fact that fluorine apparently reduces dichromate to a chromic salt 
is due to a catalytic reduction by small amounts of acid present in the solution 
of the perchromic acid first formed. In strongly acid solution oxidation of 
chromic salt to chromate proceeds regularly according to the scheme for 
electrolytic oxidation. 


' Fichter and Humpert: Helv. Chim. Acta, 9 , 602 (1926). 
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10. Fluorine gives lead dioxide only from alkaline solutions or suspen* 
sions of plumbous salts. Fluorine does not give lead dioxide with acid lead 
nitrate or fluoride solutions because lead tetrafluoride is stable in acid solu* 
tion. Lead dioxide precipitates when such solutions are neutralized. The 
tetravalent lead is not present in a complex anion but as undissociated lead 
tetrafluoride, stabilized by plumbous lead and by small amounts of acid. 
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ULTRAVIOLET LIGHT, INSULIN, AND AMINO ACID CATALYSIS 


BY JOHN M. ORT 

It has been found that certain of the common amino acids accelerate the 
action of small amounts of hydrogen peroxide on dextrose and levulose.®»^ 
Insulin under the same conditions has some retarding influence in the absence 
of the amino acids and is without much effect when they are present. This 
paper is a report of further studies by the oxidation potential method on the 
first steps in the oxidation of these sugars. The additional effect of ultra¬ 
violet light is also considered. 

The procedures were similar to those of the former experiments and when 
the solutions were irradiated with ultraviolet light they were essentially as 
follows: When the drifts of reduction potentials in the solutions became rela¬ 
tively steady following the removal of dissolved air by nitrogen gas, ultra¬ 
violet light was admitted. After the potentials had reached a chosen value, 
o.s c.c. of a 0.03 per cent solution of hydrogen peroxide was added. Then the 
course of the reaction was followed by observing the drift of potentials. Since 
it was found that ultraviolet light greatly hastened the development of a 
reducing intensity when the air was removed, it was not necessary in these 
experiments to allow the solutions to stand over night. An entire experiment 
could be completed within a few hours. If the solutions were allowed to 
stand over night, prior to irradiation, the results were not much different, 
if the hydrogen peroxide was added at about the same reducing intensity. 

In order to transmit the ultraviolet light the electrode vessel was made of 
transparent fused silica. Temperature control was effected by hand, ice 
water in a casserole being placed intermittently around the bottom of the 
vessel. This, for short periods, cut off the light from the lower part of the 
solutions inside but maintained the temperature at 3o®C. ± i®. 

The source of light was a standard Victor quartz mercury vapor arc. The 
electrode chamber was placed about 18 cm. from the arc, this being as close 
as was convenient. Light directly from the arc was not allowed to strike 
the platinum electrode. The voltage across the arc was 90 volts db 2 volts. 
When it fell much below 85 volts most of the effects recorded in this study did 
not occur. We are now attempting, in this laboratory, to obtain more in¬ 
formation concerning the wavelengths or bands in the spectrum and the 
amount of energy necessary to produce these effects. 

Because of the recent suggestion that the physiologic activities of the 
amino acids bear some relation to their optical activities,^ the chemicals 
used in these experiments have been tabulated. 

As before, in the experiments with ultraviolet light, 100 c.c. of a i/ioo 
molar solution of amino acid buffered to pH 10 with disodium phosphate and 
sodium hydroxide was used. Two hundred milligrams of one of the sugars 
and I c.c. of Lilly's iletin were added when specified. The 0.03 per cent 
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Substance 

Source 

Rotation of 
polarisedlii^t 

Dextrose 

Merck White Label 

d 

Levulose 

Pfanstiehl Special C.P. 

1 

Glycine 

Pfanstiehl and Eastman 

inactive 

Alanine 

Eastman 

dl 

Phenylalanine 

Pfanstiehl 

dl 

Tyrosine 

Eastman 

1 

Valine 

Eastman 

dl 

Leucine 

Eastman 

dl 

Glutamic acid 

Eastman 

d 

Aspartic Acid 

Eastman 

dl 

Cystine 

Eastman 

1 


solution of hydrogen peroxide was prepared fresh for each run by diluting 
Merck’s Blue Label Superoxol and titrating by iodine liberation against 
standard sodium thiosulphate. 

Attention is once more directed to the qualitative nature of oxidation 
potential data obtained with these complex systems. The shapes of the 
curves in which form the data are presented are, however, fairly reproducible 
and probably indicate the general trends of the reactions. In considering the 
individual curves, then, general shapes and approximate values alone are 
significant. Since freak results are not uncommon with these systems, the 
particular curves presented have been selected from among many as the 
most representative of the usual course of reaction in each case. 

Experiments and Discussion 

As is well known, alkaline solutions of dextrose and levulose are strongly 
reducing, a property which is often made use of in their quantitative deter¬ 
mination. The intensity of this reducing power increases as the alkalinity 
increases, but it has not been possible to formulate an accurate expression 
for the relation between pH and the reduction potential acquired by platinum 
electrodes in these solutions. It is usually impossible to get very accurate 
checks with different electrodes, and one given electrode will show drifting 
potentials in the same solution, and when placed in a fresh solution often 
will not closely reproduce its former behavior. Nevertheless in all cases the 
reduction potential acquired will be within a range considerably below that 
of a simple buffer of the same pH, and will depend on the concentration of the 
sugar, the rate of stirring, the electrode, and some other unknown factors, 

I have previously shown®»^ that when even a very minute amount (0.5 c.c. 
of a 0.03 per cent solution) of hydrogen peroxide is added to one of these 
sugar solutions (0.2 gm. dextrose in loo c.c. of sodium hydroxide and sodium 
phosphate at pH 10) the entire reducing intensity is instantly destroyed. 
The reduction potential is at once replaced by an oxidation potential, the 
shift amounting at times to 0.5 volt or more. Thus 0.0000044 mol of an 
oxidant brings about this rather extensive change in oxidation-reduction 
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conditions, although for every molecule of hydrogen peroxide there are 230 
molecules of sugar present. Within a short time, however, the oxidation 
potential will begin to fall, indicating the removal of the oxidant, and in a 
few hours the original reducing intensities will be restored. Such sugar solu¬ 
tions when made up exposed to the air, as they usually are, will not imme¬ 
diately develop strong reducing intensities, but, as the dissolved air is re- 



Fig. I 

Controls. No ultraviolet light. 


moved by bubbling nitrogen gas through the liquid, the potentials on the 
electrodes will gradually become more negative. After fifteen hours the drift 
is usually slight. 

Thus only a very small amount of the sugar present apparently is re¬ 
sponsible for the reduction potential acquired by the electrode and is in a 
state in which it can quickly react with oxidants, in spite of the fact that the 
latent reduction capacity may be comparatively enormous. These facts 
agree with the well-known theory^ that there is an '^active sugar'’ present, 
small in amount but in equilibrium with the large bulk of the remainder of 
the sugar which exists in comparatively inactive form. The experiments re¬ 
ported in this and former papers are studies on the reactions of these active 
sugars or, in other words, on the very first steps in sugar oxidation, since the 
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most reactive form will be the first to be attacked by oxidants. If the aiqouiit 
of oxidant be small enough this wUl be the only form attacked. This phase 
of the problem will be discussed in a future paper. 

In Fig. I are presented some curves from former papers, together with 
some from later experiments, which will serve as controls for those with ul^ra* 
violet light. It can be seen that when sugar is absent high voltages exist for 
hours. Except when the amino acid concentration is comparatively high. 



FlO. 2 

Controls. Neither sugar nor insulin. Solutions irradiated with ultraviolet light. 

they remain quite positive for many hours and sometimes for days in the 
buffer alone. Either sugar or its reaction products simply catalyze the de¬ 
composition of hydrogen peroxide or remove it by reduction, or both. 

Sugar oxidation starts, then, by the oxidation of whatever active form is 
present. But any appreciable amount of oxidant is sufficient to remove com¬ 
pletely such a ranall amount of reductant. Hence reduction potentials which 
were indicative of the presence of this active form are followed by oxidation 
potentials which are the electrical expresrion of the excess oxidant. However, 
the oxidation and removal of the active reductant is accompanied by the 
constant formation of more active sugar to maintain the equilibrium. When 
this process is continued long enough the excess oxidant is finally completely 
removed and the oxidation potential again drops. The addition of an oxidant 
sufficient in quantity and intensity to bring about an analsrtioally determin- 
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able amount of reaction forces these solutions to oxidizing intensities con¬ 
siderably above the level around which sugar oxidation can start. It seems 
certain that this intensity is a very important factor in determining through 
which of the many theoretically possible courses this reaction will go. In vivo, 
sugar oxidation is undoubtedly restricted as to oxidation intensity as welljas 
to hydrogen-ion concentration. 

In attempting to correlate the data presented in this and the former 
papers, it is pointed out that the curves showing the fall of the oxidation 
potentials from the high values reached soon after the addition of hydrogen 
peroxide are of the same general shape for all, including even those represent¬ 
ing the experiments with ultraviolet light (Figs. 2 to 7). The obvious in¬ 
ference is that qualitatively the same thing happened in every case, at least 
at the start, although at a slower rate where the curves are flatter. Now 
under the influence of ultraviolet light this recovery occurs quite rapidly even 
in the absence of any added chemical reducing agent (Fig. 2, curve for buffer 
alone). Probably, then, the upper parts of all the curves simply represent 
the influence of hydrogen peroxide on the electrode. When the peroxide is 
being destroyed and the oxygen from it removed, the potential falls. When 
a chemical reducing agent is not present, the flattening out of the curves at 
the bottom simply represents the approach toward an absence of appreciable 
amounts of an active oxidant. 

The removal of oxygen, however, from dissolved air or decomposing 
hydrogen peroxide by the nitrogen gas alone or with the help of certain of 
the amino acids or by the action of ultraviolet light, is not all that happens 
when dextrose or levulose is present. At least four facts prove this: (i) re¬ 
peated additions of a small amount of hydrogen peroxide or, under certain 
conditions, one addition of a larger amount will destroy an analytically de¬ 
tectable amount of sugar; (2) the presence of sugar hastens the fall of oxidation 
potentials whether due to dissolved air or hydrogen peroxide; (3) reduction 
potentials ultimately developed in sugar solutions are always lower than 
those in the buffer alone, and (4) oxidation potentials are lowered faster and 
the ultimate reduction potentials reached are lower the more concentrated 
the sugar solutions are. These facts show that there is some reaction between 
the oxygen from one source or another and the sugar, and that the electrode 
is giving some response to such action. 

A trace of methylene blue in the sugar solutions concentrated enough to 
produce reduction potentials below the methylene blue range will be de¬ 
colorized when these potentials are reached. If an oxidant is then added, the 
electrode shows instantly the positive charge indicative of a loss of reducing 
intensity and a blue color develops in the solution. When in time the elec¬ 
trode again registers a strong reducing intensity, the dye is again colorless. 
These facts show that the electrode is really indicating changes in oxidation- 
reduction throughout the solution and not simply a direct effect of oxidant 
on electrode which is only local and which does not exist throughout the 
solutions as a whole. Especially when reducing conditions begin to develop 
is the electrode potential representative of the combined effects of the various 
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sugar equilibriums. At potentials moderately positive the sugars are of effect 
only indirectly as they may react with and remove the active oxidant. 

The effects of the rate of bubbling of the nitrogen gas are significant in 
this respect. The faster the bubbling the sooner will oxygen, either from dis¬ 
solved air or decomposing hydrogen peroxide, be swept out of solution. The 
greater agitation will also hasten the decomposition of the hydrogen peroxide 
which forms first nascent and then molecular oxygen. Recovery after the 
addition of peroxide was found to be much faster when the rate was two 
bubbles a second® than when it was twenty-five a minute.^ 

In the first^ of this series of experiments, solutions of dextrose alone stand¬ 
ing over night stirred by twenty-five bubbles of nitrogen each minute ac¬ 
quired reducing potentials of about —0.3 volt. When the rate was two 
bubbles a second, these potentials only fell to a little below — o.i volt accord¬ 
ing to the curve for the second series of experiments.® The value for these 
potentials reached on standing for this length of time (about fifteen hours) is, 
however, not at all definite. Often they are quite a little more positive (Fig. i, 
the two curves for 200 mg. of dextrose). When the rate of bubbles is kept 
considerably faster the potentials developed over night are somewhat more 
positive. If a comparatively high reducing intensity be developed in these 
solutions by slow bubbling, a sudden increase in this rate will often cause an 
immediate shift to less negative potentials. Fast bubbling, then, while it 
hastens the removal of the active oxidant at higher oxidation intensities, 
seems to so affect the complex sugar equilibriums as often to hinder the de¬ 
velopment of strong reducing intensities. All curves presented in this paper 
are from experiments in which the rate was maintained at two bubbles a 
second. 

The effects of the common amino acids are also significant in this respect. 
A bubble rate of two each second with a sugar present is sufficient to remove 
from these solutions the hydrogen peroxide of 0.5 c.c. of 0.03 per cent solution 
within a few hours. Under the conditions, after the dextrose solutions have 
recovered to about +0.1 volt, all the amino acids studied hasten the further 
development of reducing intensities (Fig. i of second series of experiments®). 
This suggests that all these compounds catalyze the reaction between the 
sugar and the oxidant still left in solution at about +0.1 volt or lower or 
modify the sugar equilibriums in such a way as to generate more or stronger 
reductants, or both. 

Certain of the amino acids are shown to have still another effect. Glycine, 
alanine, and phenylalanine prevent a rise to much higher oxidation intensities 
and speed up the drop back to the negative potentials. In Fig. i curves for 
glycine and glutamic acid are plotted as examples of amino acids that do and 
do not have this effect. In the same concentrations used in former experi¬ 
ments, I millimole for each 100 c.c., but without any sugar, the curves for 
these two compounds are not much separated. For ten times this concentra¬ 
tion, also without sugar, the curves are not far apart, glutamic acid causing a 
faster drop below +0.1 volt. When dextrose is present along with the i 
millimole of amino acid, the different actions of the two types of these com- 
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pounds become apparent. Considering the curves for 10 millimoles of amino 
acid with the usual 200 mg. of dextrose, it can be noted that again glutamic 
acid is the more active under greater reducing conditions. 

Apparently, then, once the hydrogen peroxide is practically all removed 
by the sugar or otherwise, so that the solution is no longer more than feebly 
oxidizing, all the amino acids aid in the further drop toward stronger reducing 
conditions. The type represented by glutamic acid, however, is the more 
effective in this respect, especially with the higher concentrations of sugar. 
On the other hand, if the amount of sugar present is small, the type repre¬ 
sented by glycine promotes recovery much earlier and prevents the hydrogen 
peroxide from creating within the solution its usual oxidation intensity. This 
fact, together with the observation that when larger amounts of peroxide are 
added to glycine solutions many tiny bubbles of oxygen gas form throughout 
the liquid, suggests that the more rapid recovery is due to a catalytic de¬ 
composition of the peroxide. When sugar is not present to react with and 
remove the active oxidant so formed, this action as revealed by electrode 
potentials is not so obvious. Solutions of glutamic acid do not exhibit this 
phenomenon. There is no evidence that the amino acids themselves, under 
these conditions, are very much oxidized. The addition of comparatively 
enormous amounts of peroxide, followed, after standing for a day, by removal 
by manganese dioxide leaves the amino acid still in a condition to repeat its 
catalytic effects. Levulose by itself even without ultraviolet light is com¬ 
paratively active in reacting with small amounts of hydrogen peroxide and 
restoring the more negative potentials (Fig. 2, second series of experiments^^). 
Hence with levulose in the non-irradiated solutions the recovery curves for 
all the amino acids are more nearly alike. 

The division of the amino acids as to their influence on the reactions of 
small amounts of dextrose and hydrogen peroxide, as has been pointed out,®^ 
parallels their division in vivo according to their specific dynamic action. 
Perhaps this effect may be due in part to similar catalytic decomposition of 
the oxygenated compounds of the blood, thus furnishing more of a mon^ 
active oxidant which may produce the increased metabolism noticed after 
ingestion of these compounds. 

If the law of mass action applies, the speed of sugar oxidation should vary 
directly with the product of the concentrations of active oxidant and active 
sugar. Some of the evidence discussed above seems to agree with this prin¬ 
ciple. The effect of a greater sugar concentration in furnishing more active 
sugar and so lower initial potentials and more rapid recovery is shown in 
Fig. I. The greater combined effects of glutamic acid and higher sugar con¬ 
centrations in doing the same thing is also evident. The concentration of 
active oxidant can be increased either by adding more hydrogen peroxide or 
by decomposing faster that which is already present. This is illustrated in 
the quicker fall in voltage with the glycine type of amino acids. 

As to increasing the concentration of the peroxide, the two curves for 
200 mg. of dextrose alone (Fig. i), one for the addition of 0.5 c.c. of a 0.03 
per cent hydrogen peroxide solution as usual, and the other for an addition 
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of I C.C., do not conflict with this idea. At the end of these runs both had 
recovered to the same general region of oxidation intensity. It cannot be 
definitely said however, that twice the amount of actual oxidation of sugar 
occurred in the one with twice the oxidant. Some of the oxidant in both cases 
may have been removed as oxygen gas. In this particular case the question 
cannot be settled by chemical analysis because the amounts involved are 
far too small. 

Still more of the oxidant was added to similar solutions in an effort to 
cause sufi^cient oxidation in a reasonable time to be determined by the usual 
analytic methods. The "paralyzing” effect* was encountered. At a bubble 
rate of twenty-five a minute, the addition of only a few cubic centimeters of 
a 0.03 per cent solution of hydrogen peroxide produced oxidation potentials 
which were often still high after a day or two. Subsequent anals^sis showed 
that little oxidation had occurred although the oxidation potential was rather 
high and the sugar in great excess. 

At faster rates of bubbling the paralyzing effect of the smaller additions of 
peroxide does not last so long. At a rate of two bubbles each second, however, 
the following phenomena were observed: i c.c. of a 30 per cent hydrogen 
peroxide solution was added to 8 gm. of dextrose in 100 c.c. of a buffer at 
pH 10. The oxidation potential rose at once to about -I-0.3 volt. The next 
morning it had risen to about +0.5 volt and remained at this level for several 
days. 

When the hydrogen peroxide was removed by manganese dioxide from 
these intensely oxidizing solutions, analysis showed that very little of the 
total reducing capacity of the sugar had been destroyed. There had been but 
little oxidation of the sugar although it was in considerable excess and a high 
oxidation intensity existed within the solutions for many hours. In a similar 
experiment the strong hydrogen peroxide was added to a buffer alone and 
nitrogen gas bubbled through for fifteen hours. The oxidation potential was 
about +0.4 volt or not so positive as when the sugar had been present. The 
addition of sugar at this point caused a gradual drift to the more positive 
values around +0.5 volt and over. If to these solutions any one of the 
glycine group of amino acids be added, the potentials soon drop and strong 
reduction intensities develop. If present from the start these high poative 
potentials are never seen. The glutamic acid group does not have this effect. 
At no time under any circumstances was it possible to produce the highest 
oxidation intensities with hydrogen peroxide in the absence of sugar. Sugar, 
then, a source of considerable reduction intensity and capacity in alkaline 
solutions, is able to produce and maintain with the hydrogen peroxide an 
oxidation intensity greater than any quantity of the oxidant alone can 
produce.* 

A rapid rate of nitrogen bubbles (ten to twenty each second) during the 
usual fifteen-hour period of these experiments, be found to have pre¬ 
vented these more concentrated sugar and peroxide solutions from developing 
their highest oxidation intensities. If the rate is suddenly increased in solu¬ 
tions which have developed high oxidizing intensities, the oxidation poten- 
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tials will quickly drop. At a rate of about two bubbles each second minor 
changes do not have any important effect. 

When these larger quantities of peroxide are added to the sugar solutions 
the liquid soon becomes filled with a multitude of tiny bubbles of oxygen gas. 
This continues for some time during which the voltage slowly rises, and the 
highest oxidation potentials are acquired after this evolution ceases. In the 



Controls. Insulin but no sugar. Solutions irradiated. 

buffer alone this evolution does not immediately occur, and when after some 
time it does start, it is very feeble and sometimes is hard to detect. The 
glycine group of amino acids, either alone or with sugar, hastens this evolu¬ 
tion while the others do not. Glycine will even start an evolution of oxygen 
bubbles in sugar solutions which have long ceased visibly to give off this gas 
and have acquired the stronger oxidation intensities. 

The evidence from these experiments with the larger concentrations may 
be summarized as follows: 

The law of mass action apparently is not verified, for even in the presence 
of rather large amounts of hydrogen peroxide, high oxidation potentials, and 
an excess of sugar, little oxidation of the sugar occurs. The glycine group of 
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Irradiated dextrose solutions without insulin. 
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amino acids again exhibit their catal3rtic decomposition of the hydrogen 
peroxide and the prevention and destruction of high oxidation intensities. 
Sugars or their oxidation products catalyze the decomposition of hydrogen 
peroxide. Sugar with hydrogen peroxide is able to develop in these solutions 
oxidation potentials appreciably higher than the peroxide alone can develop. 
The rate of the nitrogen bubbles again helps to determine the oxidation 
potentials observed. Agitation breaks up or prevents the formation of com¬ 
plex combinations of the oxidant and the sugar, which when present are 
responsible for the very high oxidation intensities observed in the more quiet 
solutions. 

Admitting the truth of the foregoing facts and assumptions, the behavior 
of the irradiated solutions can be fairly well understood, as far as the more 
general aspects of the first steps of sugar oxidation go, and these experiments 
will now be considered in more detail. 

The most outstanding effect of the ultraviolet light is the increased speed 
of reaction. The horizontal time scale for the curves presented was lengthened 
threefold, while the vertical voltage scale was kept as before. Yet the curves 
are so much steeper, that, in general, the speed of reaction is shown to be 
ten times greater (Figs. 2 to 7). 

The next most obvious effect is the rapid loss of oxidizing intensity when 
sugar is not present (Figs. 2 and 3). When insulin is absent, even in the buffer 
alone, the recovery following the addition of hydrogen peroxide is more rapid 
than was previously reported for solutions of sugar and the amino acids when 
not irradiated. As is well known, ultraviolet light decomposes hydrogen 
peroxide. When more concentrated solutions of hydi-ogen peroxide were 
irradiated, many minute bubbles of oxygen gas appeared. 

Some retarding action of insulin, as was observed in the former experi¬ 
ments, was again noted. A comparison of all the sets of curves shows the 
general tendencies of insulin to prevent the development of strong reducing 
intensities when the air is removed, to permit the hydrogen peroxide to pro¬ 
duce somewhat higher oxidizing potentials, and to retard the return to re¬ 
ducing conditions. These effects are more evident in solutions without any 
sugar or with levulose. When dextrose is present, this action is, under certain 
conditions, not so noticeable. Ahlgren,^ working with tissues and tissue 
extracts, has also found that insulin in certain concentrations has a retarding 
influence on oxidation. Whether irradiated or not it seems to catalyze nega¬ 
tively the decomposition of hydrogen peroxide. 

It was found that within an hour the ultraviolet light could produce a 
reducing intensity of approximately —0,2 volt with most of the amino acids 
even in the absence of sugar. To lower the voltage further required much 
longer irradiation in some cases, and was not possible in others. Accordingly 
this value was selected for the controls and hydrogen peroxide was added 
when this value was reached or, if this was impossible, when the drifts be¬ 
came slow (Figs. 2 and 3). If dextrose was present, the drop in some cases 
was comparatively rapid until —0.3 volt was reached. Many of the drifts 
became slow at about this point. When possible, this potential was selected 
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as the point for the addition of hydrogen peroxide (Figs. 4 and 5). For 
similar reasons —0.2 volt was chosen when levulose but not insulin was 
present (Fig. 6). It was difficult to obtain low potentials when insulin was 
present with levulose (Fig. 7) and the hydrogen peroxide was added in most 
cases whenever the drifts became fairly slow. 

In the absence of insulin, some dextrose solutions after several hours of 
irradiation developed reducing potentials as low as from —0.85 to —0.90 volt, 
that is, more negative than a hydrogen electrode in the same solutions. 
Under these conditions it is known*® that hydrogen and other reducing gases 
are evolved from such solutions. Particular attention was not given to this 
phase of the subject although it was noticed that the addition of 0.5 c.c. of 
a 0.03 per cent hydrogen peroxide solution almost instantly destroyed the 
greater part of this extreme reducing intensity, just as had always happened 
in the nonirradiated solutions. 

Although nitrogen gas with ultraviolet alone will remove dissolved oxygen 
or hydrogen peroxide with comparative rapidity, this action was increased by 
every amino acid studied (Figs. 2 and 3). 

The curves for valine and alanine would be similar to the one for glycine, 
and those for glutamic acid and aspartic acid to that for leucine (Fig. 2). 
In Fig. 3 the curves for valine and alanine would also be similar to the one for 
glycine, and the aspartic acid curve to that for glutamic acid. The curve for 
phenylalanine in Fig. 3 would be similar to that shown in Fig. 2 except that 
the tendency of insulin to prevent development of strong reducing potentials 
and rapid recoveries after the addition of hydrogen peroxide would cause it 
to be flattened out a little. These curves are omitted to prevent confusion. 

Glutamic acid, aspartic acid, and leucine were especially effective in de¬ 
veloping reduction potentials, exceeding glycine, alanine, and phenylalanine 
in this respect. This is quite different from their action in the non-irradiated 
solutions reported previously. As has been pointed out, however, once most 
of the hydrogen peroxide is removed from solution and the potential reaches 
+0.1 volt or lower, the glutamic acid group is the more effective of the two 
groups of amino acids in developing potentials which are still more reducing. 
The glycine group is the more active in decomposing hydrogen peroxide. 
Under these conditions the ultraviolet light so strongly decomposes the perox¬ 
ide that the catalytic effect of the glycine group in this respect is not notice¬ 
able, while the effect of the glutamic acid group at the lower potentials is 
brought out. Hence with and without sugar or insulin (Figs. 2 to 7), the 
glutamic acid group of amino acids as a rule shows the greater catalytic effect 
in promoting greater reducing intensities, although most of the amino acids 
are active to some extent in this respect in most cases. 

Tyrosine, as in the non-irradiated solutions, exhibits the least catalytic 
action of all in the absence of sugar. When dextrose is present and irradiated, 
however, tyrosine falls more in line with the other amino acids (Fig. 4). 
Either with or without sugar, solutions of tyrosine when irradiated become 
amber-colored in daylight. At the point the ultraviolet light enters the solu¬ 
tions they appear blue, and at the back reddish. It is known*, ® that tyrosine 
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has absorption bands in the ultraviolet region and its action* in this case may 
be different from that of the other amino acids. 

Alanine in the presence of dextrose either with or without insulin seems to 
lose all catal}i;ic influence when irradiated (Figs. 4 and 5). When it was pres¬ 
ent it was also found impossible to get reducing intensities much below —0.2 
volt within a time of irradiation at all comparable to that necessary for the 



Time in minutes 
Fig. 6 

Irradiated levuloae solutions without insulin. 


other amino adds. For the other amino acids the presence of dextrose does 
not seem greatly to affect the speed of recovery after the addition of hydrogen 
peroxide. The reducing intensity ultimately developed is, however, greater. 
The failure to observe any marked difference in the speed of recovery in the 
presence of dextrose may be due to the comparatively much greater speed of 
simple decomposition of the hydrogen peroxide by the light. Although ultra¬ 
violet light has a profound effect on dextrose solutions after longer periods of 
irradiation and may thereby actually increase the speed of oxidation, this 
effect might be masked by that of the much faster simple removal of the 
peroxide, when so small an amount is added. Lowry and Courtman* found 
that ultraviolet light does not accelerate the isomeric change of dextrose. 
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Valine, glutamic acid and aspartic acid would have curves similar to that of 
leucine in Fig. 4. When glycine is present, the reactions arc somewhat slower 
than for leucine. In Fig. 5, before the hydrogen peroxide was added, the 
curve for valine would be similar to that for sugar alone, and after hydrogen 
peroxide was added, to that for leucine; the curve for aspartic acid would be 
similar to that for leucine; before the addition of the peroxide, the reaction 
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Fig. 7 

Irradiated levulose solutions with insulin. 

with glycine present is much like that for aspartic acid and after the addition, 
the reaction is similar to that with glutamic acid; insulin seems to have little 
effect on the action of tyrosine in the irradiated dextrose solutions. 

When solutions of levulose without insulin were irradiated the recovery 
curves (Fig. 6) were somewhat steeper than for the dextrose solutions or those 
of the amino acids alone. Apparently, then, the oxidation of levulose is 
appreciably hastened by ultraviolet light. But when insulin is also present 
(Fig. 7) the recovery is greatly retarded. It is even slower than when levulose 
is absent from this combination (Fig. 3). Either with or without insulin, 
tyrosine exerts a retarding influence on the recovery of irradiated levulose 
solutions. The slow actions of levulose with glycine and an alanine (Fig. 7) 
were unexpected. 
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In Fig. 6, after the addition of the peroxide, the curves of glycine, valine, 
leucine and aspartic acid would lie between those for alanine and glutamic 
acid. Before the addition, the curves for glycine and aspartic acid would lie 
between those of glutamic acid and phenylalanine, and those of leucine and 
valine would be between the curve for alanine and the single vertical line 
above O time which is common for all curves. In Fig. 7, the curve for alanine 
would be like that for glycine, and those for glutamic acid, valine and leucine 
would be similar to that of phenylalanine. 

Chemical analysis by the ordinary blood sugar method of Folin shows 
that both dextrose and levulose when irradiated are attacked much faster by 
large excesses of hydrogen peroxide. With the addition of i c.c. of a 30 per 
cent solution of hydrogen peroxide, ten-minute irradiation, followed by the 
decomposition of the excess peroxide with manganese dioxide and a sixteen- 
hour standing period, the loss of total reducing capacity was found at times 
to be nearly 80 per cent. Under similar conditions, but without irradiation, 
the loss was never more than 20 per cent even in the presence of the amino 
acids, and after having stood for several days with the excess peroxide. 

Summaxy 

In this and other recent papers, studies by the oxidation potential method 
on the first steps of sugar oxidation have been reported. Always, even under 
many different conditions, a comparatively minute amount of oxidant in the 
form of air or hydrogen peroxide, has been sufficient to destroy temporarily 
or prevent the formation of the reducing intensity of dextrose and levulose 
solutions at pH 10, even though the sugars were present in comparatively 
enormous excesses. This is evidence in support of the view that the great 
bulk of the sugar in solutions can not be directly attacked by oxidants except 
under comparatively intense oxidizing conditions. That is, the reduction 
intensity developed in these solutions is due to the presence of a very small 
amount of an active form which is in equilibrium with a comparatively in¬ 
active and vastly more abundant form. It is suggested that the oxidation 
intensity at which sugar solutions are oxidized is probably one of the factors 
determining the course of the oxidation reactions. 

A study has also been made on the effects of certain of the amino acids, 
insulin, ultraviolet light, and the rate of bubbles of the nitrogen gas stirring 
these solutions. Certain of the amino acids represented by glycine were 
shown to catalyze the decomposition of hydrogen peroxide and so promote its 
reaction with the active sugar. Ult|^aviolet light has a similar but much 
greater effect. Other of the amino acids as represented by glutamic acid, 
while lacking at least to a comparable degree this catal3d;ic effect, seem to be 
of greater influence in developing further reducing intensities, once most of 
the oxidant is removed and the stronger oxidizing conditions are gone. These 
amino acids while therefore not so effective with small concentrations of 
sugars in nonirradiated solutions, exhibit their action more in concentrated 
sugar solutions or in solutions irradiated by ultraviolet light in which the 



ULTRAVIOLET LIGHT, INSULIN, AND AMINO ACID CATALYSIS 841 

excess oxidant is otherwise removed. Insulin, in the concentration used, 
seemed to catalyze negatively the decomposition of hydrogen peroxide. 
Hence, as a rule, solutions recovered their reduction potentials more slowly 
when it was present. 

Apparently the law of mass action does not hold in the oxidation of these 
sugars by air or hydrogen peroxide. The addition of enormous excesses of 
oxidants to nonirradiated solutions produces very little oxidation of sugar. 
Additions of large amounts of peroxide to solutions of these sugars are followed 
by the appearance of innumerable tiny bubbles of oxygen gas throughout the 
solution, indicating that sugar or its first oxidation products catalytically 
decompose hydrogen peroxide. A similar phenomenon is observed in the 
presence of the glycine group of amino acids or when the solutions are irradiated. 
After these bubbles have disappeared from the nonirradiated solutions of the 
sugars alone, the oxidation potential goes higher than when sugar is absent 
even though any amount of the peroxide be added. Glycine prevented this, 
and glutamic acid did not. Fast bubbling also tended to keep down these 
excessive oxidation intensities as well as to prevent the formation of the more 
negative reduction potentials in the deaercated solutions. 

When sugar solutions were treated with an excess of hydrogen peroxide 
and irradiated with ultraviolet light, as much as 8o per cent of the sugar 
could be destroyed in a short time as compared to less than 20 per cent 
under all other conditions tried. When irradiated for several hours after 
deaeration, dextrose solutions without insulin developed reduction potentials 
exceeding even that of a hydrogen electrode in similar solutions. 
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THE CONCEPTIONS OF ELECTRICAL POTENTIAL DIFFERENCE 
BETWEEN TWO PHASES AND THE INDIVIDUAL 
ACTIVITIES OF IONS 

BY E. A. GUGGENHEIM 

It has long been realised that one cannot accurately determine in a solution 
the activity or chemical potential of an individual ion, because of the exist¬ 
ence of liquid junction potentials whose magnitude cannot be computed with¬ 
out a previous knowledge of the individual ionic activities that one wishes to 
measure. This vicious circle has generally been regarded as an unfortunate 
accident and attempts have frequently been made to overcome the dilemma 
by the use of cells in which the liquid junction potentials, though unknown, 
were probably small. For example the introduction of a bridge of a concen¬ 
trated solution of potassium chloride will in many cases reduce the uncer¬ 
tainty to a few millivolts. It is however easy to convince oneself that under 
the most favourable circumstances the uncertainty due to the liquid junction 
potential is more than equivalent to the difference between the individual 
chemical potentials of two different ions of the same charge when present at 
the same concentration in the same solution. It is in fact impossible by any 
such device to distinguish between the values of the activity coefficients of 
different ions with the same charge. 

In agreement with this point of view it has recently been shown by Taylor^ 
that ^‘the E.M.F. of the cell with transference is thus a function of mole¬ 
cular free energies solely and is not a function of ionic free energies. It there¬ 
fore can yield no information concerning ionic free energies” and that “with 
the possible exception of single electrode potentials and rates of reaction there 
appears to be no occasion for the use of ionic free energies as experimental 
quantities, but only as a mathematical device.* It will be shown that Taylor^s 
first conclusion may be considered as a corollary to a more general prin¬ 
ciple, from which it also follows that to his second conclusion there are no 
“possible exceptions.” 

The general principle referred to may be expressed as follows. “The 
electric potential difference between two points in different media can never 
be measured and has not yet been defined in terms of physical realities; it is 
therefore a conception which has no physical significance.” The electrostatic 

1 P. B. Taylor: J. Phys. Chem., 31 , 1478 (1927). 

2 Taylor uses the expression *^free energy^' for Gibbs' '^chemical potential" m- Lewis 
and Han^ll (“Thermodynamics" (1923)) call it the “partial free energy" and use the 
s3anbol F. We prefer to retain the nomenclature of Gibbs, as m is related equally inti¬ 
mately to the “free energy" F, the “affinity" A, the “heat content" H and the “internal 
energy" E; this may be seen from the relations 

\ 3 ni/T,p \dni/T,v \dni/$, p \dni/B, v 

where T, S, P, V denote temperature, entropy, pressure, volume respectively and ni is the 
number of moles of the is^cies in the system. 
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potential difference between two points is admittedly defined in electrostatics, 
but this is the mathematical theory of an imaginary fluid 'electricity,^ whose 
equilibrium or motion is determined entirely by the electric field. 'Elec¬ 
tricity^ of this kind does not exist; only electrons and ions have physical exist¬ 
ence and these differ fundamentally from the hypothetical fluid 'electricity^ 
in that the particles are at all times in movement relative to one another; 
their equilibrium is thermodynamic, not static. 

The electrostatic potential ^determines the equilibrium or change towards 
equilibrium of the hypothetical fluid 'electricity,’ whereas the chemical 
potential Mi determines those of an uncharged molecule of type L But the 
equilibrium of an ion of type i and charge Ci is determined neither by xp nor 
by Ml but by the function Mi = Mi + which it is suggested should be called 
the "electrochemical potential.” If is therefore m that has a real physical 
significance. The conception of splitting the electrochemical potential Mi 
of an ion of type i into the sum of a chemical term Mi and an electrical term 
€i^ has no physical significance; for one can assign an arbitrary value to ^ 
for some point in each medium and this will for the ions of each type i de¬ 
termine Mi> so as to give mi the value which determines all the physical 
processes involving ions of type i ; amongst such processes may be mentioned 
in particular diffusion, partition between two media, membrane equilibria, 
cells without and with liquid junctions, and even reaction rates. A word of 
explanation is required concerning our use of the word medium; the medium 
may be considered the same so long as the solvent is the same and all the solute 
species behave independently. For example two aqueous solutions of the 
same salt at different concentrations may, or may not, be considered as the 
same medium according as we neglect, or take account of, specific 'salt effects.’ 
Thus the liquid junction potential between two salt solutions in different 
solvents has no physical meaning; for two aqueous salt solutions in contact 
it can be computed only with an accuracy that neglects specific ‘salt effects.’ 

Although Mi has no physical significance for a single ionic species, yet 
certain linear combinations of thcMx have one;the necessary and sufficient con¬ 
dition for this is that they should be expressible in terms of the mi. For 
example if we consider two ionic species i and k in the same medium and write 
formally 

Ml = Mi + ^ 

Mk = Mk + €k ^ 

then these equations have no physical significance as the value of xp is quite 
arbitrary. If however we eliminate ^ we obtain 

Mi Mk Mi Mk 

€i €k €i €k 


SO that the combination — 

Ci 


Mk 


has a definite value although Mi and Mk have 


not. In general, the condition that the sum SXiMi should have a definite 
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value, where the Xi are numerical coeiBScients, is that S Xi Ci =» o for under 

i 

this condition Z Xi mi - ^ Xi Mi And this defines 2 Xi Mi* 

i 

Since the activity ai of an ion of type i is defined by 
jUi = R T loge ai + Mi^ 

where /Xi® depends on the temperature and pressure, but not on the medium, 
and its activity coefficient fi is defined by 

Ai ~ fi Ci 


it follows that the relation S mi ^i = 0 is also the necessary and sufficient 

i 

condition for the products II ai and 11 fi to be physically defined although 

i i 

the individual ai and fi are not. Thus, in particular, the ‘mean activity 
coefficient^ of a salt is defined, as is also the ratio of the activities or activity 
coefficients of two ionic species with the same charge. 

We shall now illustrate our general principle by showing that the phe¬ 
nomena of diffusion, partition between two media, membrane equilibria, 
cells without and with liquid junctions, and reaction rates are completely 
describable in terms of the electrochemical potentials jUi (or alternately such 
linear combinations of the mi as are expressible and so definable in terms of 
the juii) and that in no case does either mi or ^ occur separately from the other. 
Diffusion. The driving force on an uncharged molecule of type i deter- 

mining its diffusion is —grad y.\, the component in the x direction being- - • 

dx 

For an ion of type i and charge (i the corresponding chemical force is the 
same, but there is also an electrical force — Cj grad ^ with an x-component 



Hence the total driving force on the ion determining its diffusion is 


—grad Hi—€i grad — grad (/Lti + <i^) = — grad fii with an x-component 


dfij _ 

dx *dx 


- ~ (Mi + «i lA) 
ax 


d/jtj 

dx 


No experiment on diffusion can distinguish between the hypothetical com¬ 
ponent parts of Ml. 

Partition between two media. If a salt AB is distributed between two 
phases I and II the equilibriiun is completely defined and described by the 
conditions 

Mi “ mS 

and any decomposition of m^i, into the sum mi + ci ^ is arbitrary and without 
physical significance. No measurements can give any information about ^ 
or the separate mi- 
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Membrane equilibria. If a membrane permeable to some ions, but imper¬ 
meable to others and to the solvent^ separates two phases I and II, then the 
equilibrium of any diffusible ion of type i is completely determined by the 
condition 

Mi = Ml" 

Only if the medium is the same in both phases (same solvent with neglect 
of specific salt effects) has it any physical significance to split Jli into a part 
Mi depending only on the concentration of i and an electrical part e, yf/. Thus 
in the special case of an ideal solution 

€i(^' - r) = Ml* - Ml 

= RTlog/^. 

where R is the gas constant, T the absolute temperature and ('i the con¬ 
centration of the species i. But in general for a non-ideal solution any 
analogous equation would have no physical meaning. 

Cell without liquid junction. It is here convenient to take as a concrete 
example the cell 

C'u Solution containing (.'u'*"’’ and Zn^^ Zn Cu 

I II III IV 

with the circuit broken in the copper; the irreversible deposition of copper on 
the zinc electrode is to be ignored. Let the phases be numbered in order I, 
II, III, IV. Then the two electrode-solution junctions and the inetal-mctal 
junction may be regarded as membranes permeable respectively to copper 
ions Cu“^^, zinc ions Zii"^"^ and electrons El~ only. The equilibria at these 
three junctions are completely described by the conditions 

McV^ = McV"^ Mzu^+ = Mzn'^-^ Mef = mS~ 

and the vexed question whether the electrical potential difference is seated 
at the electrodes or at the metal-metal junction has no physical meaning. 

Since the phases IV and I are the same medium, copper, the potential 
difference between them has a physical meaning as in electrostatics. We have 
in fact 

MCu^-^ = MCu"*^ + 

MCu++ = + <Cu+" 

By subtraction we obtain for the E.M.F. of the cell 

^ If the membrane is permeable to the solvent a pressure difference (differential osmotic 
pressure) is necessary for equilibrium; the treatment thus becomes slightly more compli¬ 
cated but the same conclusions hold. 
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By making use of the three junction equilibrium conditions this can be trans¬ 
formed to 

^ ^ /MC^ _ / MeI- I / V’Zn** 

\«Cu+'*’ *E1- / \*E1- *Zn++ / \<Zn++ «Cu++ / 


The first two pairs of terms on the right are quantities which are constants 
for Cu and Zn respectively, so that the equation for <l> can be written 


where 0 ° is independent of the composition of phase II. The usual formula 
for 0 




\€Zii+^ 




of course involves the ^ in just such a linear combination as can be expressed 
in terms of the m and is so defined. 


Cells with liquid junction. As already mentioned it has been shown by 
Taylor' that cells with liquid junctions can 3deld no information (except 
eoncerning mobilities) that cannot be obtained at least equally well from 
eells without liquid junctions. The description of a cell with liquid junction 
is straightforward and the treatment follows that of cells without liquid 
junction combined with the treatment of diffusion. Let us consider as a 
special case the cell 

Cu Solution X Diffusion layer Solution Y Cu 

I II III IV V 


where the phases are numbered in order I, II, III, IV, V; solutions X and Y 
eontain copper ions as well as various other ions of both signs. Then the 
diffusion conditions in phase III are completely defined in terms of the 
electrochemical potentials mi, of the various ions. The diffusion layer is 
then completely defined by the concentration Ci and electrochemical poten¬ 
tial Mi of the ions of each type i at each part of the layer. In particular the 
diffusion conditions fix the values of Mcu^+ at the two ends of the layer, that 
is to say the values of mcu^^ and mcu^+. But the electrode equilibria are 
determined by 

and finally since phases I and V are the same medium the E.M.F. of the 
eell is given by 

^Cu*^' 


ip. B. Taylor: J. Phys. Chem., 31, 1478 (1927). 
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The usual formula is 


<t>- 






4. 

CCu-^-*- 


and is called the “diffusion potential”, but, as seen from the above 

treatment and already pointed out by Taylor, this splitting up of 0 into “elec¬ 
trode potentials” and “diffusion potential” is quite arbitrary. 

Reaction rate. The velocity of the primary process 


Xa A + Xb B + . . . 


products 


is given by* 


V = k . 




fx 


where k depends on the temperature and solvent only, Ci is the concentra¬ 
tion and f, the activity coefficient of the species i with charge e,; f* is the 
activity coefficient of a “complex” (Axa *Bxb . . .)• There is still some dif¬ 
ference of opinion as to the nature of this complex^, but in any case its charge 
€x satisfies the relation 

€, = Xa + Xb €b + . . , 

which is just the condition that the product 

^Xa fXs 
I A * ^ B* • * 

fx 

should have a physical meaning although the individual fi have not. 

We thus see that all the phenomena generally associated with the individual 
ionic chemical potentials and electrical potential differences between two 
media are equally well describable in terms of the electrochemical potentials 
/Xi without introducing the former conceptions, which have no physical 
meaning. If one describes the phenomena in terms of the fictitious individual 
ionic chemical potentials /li, then only such linear combinations of the 
occur in the treatment as are expressible in terms of the electrochemical 
potentials jui. It has previously been realised that only these and not the 
/ii have any THERMODYNAMIC importance, but we maintain that 
only they have any PHYSIC-AL significance, for only they are definable in 
terms of physical realities. 

It is perhaps worth while emphasizing that not even when one thinks 
in terms of simple atomic models does the conception of the chemical poten¬ 
tial of an individual ion become of physical significance. For example one 
might assume that at a given low concentration the difference for two media 
I and II in the chemical potential of an ion i with the spherical symmetry of 
a rare gas atom would differ from that for such an uncharged atom of the 


^ Br6nsted: Z. physik. Chem., 102,169 (1922); Bjerrum: 108, 82 (1924). 
*Brdnsted: loc. cit. and 115, 337 (1925); Bjerrum: loc. cit. and 118, 251 (1925). 
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same size by an amount 


ti(-. 


-) 


where ri is the radius of the ion and 


2ri VD« DV 

D* D” are the dielectric constants of the media. But such a definition would 


I 


have no physical significance, because “ measure of the electric work 


of removing the charge from the ion i to a large sphere (virtually infinitely 
large) in the same medium. Hence the expression^ is not a meas¬ 


ure of the work of transferring the charge from an ion i in medium I to a particle 
of the same size and structure in medium II, but differs from this work by the 
unknown work of transferring the charge from the large sphere in medium I 
to the large sphere in medium II, that is to say by the amount €i 
where is the electric potential difference between the two media and 

so is indeterminate. Only when we consider the simultaneous transfer of \\ 
ions of each type i where the relation SXjei = o is satisfied, does the indeter- 

i 

minateness cancel. 


Again, if we attribute the ^salt effects^ in dilute solutions in a given solvent 
to the interionic field, it is clear that the interionic energy is stored in the 
whole assembly and any partition of it amongst the separate types of ions 
would be arbitrary. In the theory of Debye and Huckel,^ which treats the 
ions as rigid spheres, this shows itself by the fact that the specific quantities, 
which distinguish solutions of the same electric type, are not the diameters 
of the individual ions, but the distances of closest approach of the various 
pairs of ions. 

It is thus clear that if one sets out to measure the activity or chemical potential 
of an individual ion the dilemma, with which one is in every case confronted, 
is not an accident, but is the natural consequence of trying to measure a 
quantity which physically does not exist. 

We see then that the equilibrium and change towards equilibrium of 
charged particles are in all cases completely defined by the electrochemical po¬ 
tentials Mi, one of which corresponds to each species i including electrons El"”. 
It might be suggested that the electric potential ^ be defined by the relation 


Mef = ^EP ^ 


and then the mi could be defined by 


Mi = Mi - €i ^ Mi-^ Mef 

fEF 

There is no physical or logical objection to this, but this use of the expression 
^electrical potentiaP would be so far removed from that of ^electrostatic 
potentiar that it is not to be recommended. Consider for example the de¬ 
scription of the Volta effect. If we define as ‘‘uncharged^^ a piece of metal 


1 Debye and Htickel: Physik. Z., 21, 185 (1923). 
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in which the number of free electrons is exactly equivalent to the niunber of 
metallic ions, then the electrochemical potential Jisr of electrons will not be 
the same in a piece of uncharged zinc and a piece of uncharged copper. If 
two such pieces of zinc and copper be brought into contact there will then 
be a flow of electrons from the zinc to the copper until the difference in Uet is 
annulled. On the other hand in electrostatic theory the flow of electrons is 
usually said to create, not annul, an electrostatic potential difference. Hence 
if instead of ‘electrochemical potential mep of electrons’ we were to write 
‘electric potential the above description would be likely to sound strange. 
It is therefore probably best to restrict the expression ‘electric potential’ to 
mean the ‘electrostatic potential’ of electrostatics, and avoid its use in the 
description of physical phenomena involving ions and electrons. 

In conclusion the author wishes to thank Professor Bjerrum for his kind 
criticism. 

Copenhagen, 

December si, 19S8. 



KINETICS AND TEMPERATURE COEFFICIENTS OF SOME 
PHOTOCHEMICAL REACTIONS IN RADIATIONS OF 
DIFFERENT WAVE-LENGTHS 


BY B. K. MUKGBJI AND N. R. DHAR 

In a recent paper we have determined the quantum efficiencies of fourteen 
photochemical reactions and have found that the quantum efficiency de¬ 
pends on the wave-length of the radiation employed and on the temperature 
of the reacting system. We have made a special study of the influence of 
temperature on numerous thermal and photochemical reactions in these 
laboratories.' 

As there is very little experimental work on the relation between the 
temperature coefficient and the frequency of the radiation, we have made a 
systematic investigation on the kinetics of several reactions both in the dark 
and in the light of different wave-lengths at different temperatures. 

The experimental arrangement is the same as described in the paper on 
the quantum efficiency. 

The results obtained are recorded in the following tables;— 

( 1 ) Bleaching of Dicyanin 

The bleaching of dicyanin in air is very probably caused by its oxidation 
by the atmospheric oxygen. We have observed that by passing oxygen 
through the dye solution in light the bleaching is accelerated. As there is 
no experimental work on the kinetics of this change we have made a sys¬ 
tematic investigation on the kinetics at different temperatures in the dark 
and under the influence of radiations of different wave-lengths. The velocity 
of the reaction was followed by measurements of the extinction coefficient 
spectrophotometrically. 

The following results have been obtained:— 

Concentration of Dicyanin —M/34,166 


X 

472 S|- 

s 6 soA 

7304A 

Simlight 

ki at 25® 

0.00337 

ki at 30® 
0.00379 


ki at 40® 
0.00450 

0,00317 

0.00353 


0.00422 

0.00309 

0.090(15“) 

0.00340 

0.101(25®) 


0.00397 

0-103(35“) 

Dark 

0.00099 

0.00127 


0.00172 


Kinetics in pure light 



Arrhenius A 

X 

ki at 25® ki at 30® 

ki at 40® 



472s 

5650 

0.00238 0.00252 

0.00218 0.00226 

0.00278 

0.00250 

1.099 

1.106 

83s 

846 

7304 

Sunlight 

Dark 

0.00210 0.00213 

0.00225 

1.056 

1.02 

I -354 

448 

225 

2680 

^ J. Chem. Soc., Ill, 707 (1917)# 123 , 1856 (1923); Z. anorg. allgem. Chem,, 134 , 172 
(1924); 121 ,1561 (1922); Z. Mektrochemie, 32 , 586 (1926). 
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We have measured photometrically the percentage of incident light 
transmitted by the different combination of light filters used in these investi¬ 
gations. Moreover, we have calculated the amount of energy content in the 
radiations employed in this investigation by applying Planck^s well known 
formula:— 

^ Sirch I 

Ex = X' ' - I 

The in the above formula was taken to be the temperature of the 
filament of the lamp and this temperature could be ascertained by measur¬ 
ing the resistance of the filament and by applying the empirical formula^:— 

R/Ro = (T/To)>**^ 

The ratio of the energy given out by the 1000-watts lamp in the mean 
wave-regions are:— 

X472B I Xseso * X7304 — I * 2.54 : 5.8 

we have assumed that this ratio remains constant for 500 c.p. and 100 c.p. 
lamps which have also been used in these experiments. 

In the following table the true accelerations are shown taking into con¬ 
sideration the energy distribution at the wave-regions employed and the 
percentage absorption of light by dicyanin. 


472s|^ 

5650A 

7304A 


Temperature 4o°C 


Percentage 

Number of 

Number of 

% absorption 

Number of 

incident 
radiation 
transmitted 
by filters 

times accelera- acceleration 
tion in light over the dark 

over the dark reaction for 
reaction for the relative 

100% trans- values of E\ 
mission by 
filters 

by dicyanin 

times accelera¬ 
tion over dark 
reaction for 
100% 

29.6 

5-41 

541 

32.44 

16.67 

3*2 

45.62 

17.96 

60.31 

29.78 

2.86 

45-78 

7-9 

00 

0 

Os 

27.17 


Similar results are obtained at 25® and 30°. 

The foregoing results show that the percentage of absorption is maximum 
at X == 56 so A and this also produces the maximum acceleration of velocity 
in that region. 


(2) Sodium Citrate and Iodine 

The rate of disappearance of iodine in the dark follows the unimolecular for¬ 
mula. The following results were obtained with different concentrations of 
sodium citrate using N/ioo iodine and N/30 KI in the dark. 


^ Worthing and Forsythe: Phys. Rev., (2) 18 , 144 {1921). 
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Concentration 

ki at 33® 


Number of molecules of 

of Sodium Citrate 


Sodium Citrate reacting 

N/s.76 

0.00188 - 

..(1) 

1.63 (from (i) and (2) ) 

N/3.2 

0.00476 _ 

..(2) 

1.59 (from (i) and (3)) 

N/2.88 

0.00582 . 

..(3) 



It appears therefore that the reaction between sodium citrate and iodine 
in the dark is bimolecular with respect to sodium citrate and unimolecular 
with respect to iodine and hence the total reaction is trimdecular. 


Kinetics at different temperatures. 


4725I 

73O4A 

Dark 


k| at 

(Semi-molecular) 
0.0108 
0.00831 
0.001IS 
(unimolecular) 


ki at 33*" 

0.0180 

0.0148 

0.00188 

(unimolecular) 


Kinetics in pure light 


Wave length 

47251 

7304A 

Dark 


k) at 23® 

ki at 33® 

kgj/kaa 

Arrhenius 

A 

0.00506 

0.0074 

1.46 

3425 

0.00257 

0.0042 

1.63 

4420 

— 

— 

1.64 

4430 


Temperature 2 S^ 


Wave length 


4725 1 - 

7304 A 


% of incident 

Number of 

Relative 

Number of times 

light trans¬ 

times accelerar 

values of 

acceleration over 

mitted by filters 

tion in light for 
100% trans¬ 
mission 

Ex 

the dark reaction 
for equal values of 
Ex 

29.6 

2.7 

I 

I 

2,86 

156 

5-8 

2.7 


(3) Sodium Malate and Iodine 


In this reaction the rate of disappearance of iodine in the dark follows the 
unimolecular formula. The following results were obtained with different 
concentrations of sodium malate using N/i25 I2 and N/36.2 KI in the dark. 


Concentration 
of Sodium Malate 

ki at 30® 


Number of molecules of 
Sodium Malate reacting 

N/8 

0.000949. 

•(i) 


N/6 

0.00152. 

.(2) 

1.62 (from (i) and (2) 

N /4 

0.00291. 

•(3) 

1.64 (from (2) and (3) 
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It appears therefore that the reaction between sodium malate and iodine 
in the dark is bimolecular with respect to sodium malate and unimolecular 
with respect to iodine and hence the total reaction is trimolecular. 


Kinetics at different temperatures 



Wave length 


kj at 30® 


ki at 40® 



(Semi-molecular 


(Semi-molecular) 

472s 1 


0.00618 


0.00925 

7304 A 


0.00417 


0.00612 

Dark 


0.000949 


0.00153 



(unimolecular) 


(unimolecular) 

Kinetics in pure light 




Wave length 

ki at 30° 

ki at 40® 

k4oVk8o° 

Arrhenius 

A 

472s 1 

0.00231 

0.00360 

1.56 

4211 

7304 A 

0 00030 

0.00047 

1-57 

4273 

Dark 

— 

— 

1.61 

4510 

Temperature 30 ° 






% of incident 

Number of times 

Relative 

Number of times 


lisht transmitted acceleration over 

value of 

acceleration over 


by filters 

dark reaction 

Ex 

dark reactions for 





equal values of 

Wave length 




Kx 

470s A 

29.6 

2.03 

I 

2 03 

7304 A 

2.86 

2.8 

5-8 

0.48 


( 4 ) Sodium Formate and Mercuric Chloride 

0.898 N sodium formate, H/15 HgCU and 0.2813 gram sodium acetate in 
20 c.c. of the reacting mixture. 


Kinetics observed 



Kinetics in pure light 

xA 

ki at 20® 


ki at 30® 

ki at 20® 

ki at 30® 

4725 

0.000985 


0.00385 

0.000323 

0.00086 

5650 

0.00100 


0.00368 

0.000338 

0.00069 

7304 

0.000808 


0.00359 

0.000146 

0.00060 

Dark 

0.000662 


0.00299 



xA 

ki30®/k,20® 

mean 

“A” 

% incident 
light trans¬ 
mitted by 
hlters 

Number of 
times acceler¬ 
ation per 

100% trans¬ 
mission at 

30 ^* 

Number of 
times acceler¬ 
ation over the 
dark reaction 
at 30® for 
equal values of 

Ex 

472s 

2 .66 

867s 

29.6 

0.767 

0.767 

5650 

2 .04 

6323 

3-2 

6.968 

2.74 

7304 

4.11 

I 2 S 33 

2.86 

6.615 

1.14 

Dark 

4.52 

13377 
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(5) Potassium Oxalate and Iodine 

N/2.9S K2C2O4, N/11.36 I2 and N/29.35 KI 


Kinetics 


xA. 

k| at 20'' 

kj at 30° 

k} at 36® 

4725 

0.00489 

0.0147 

0.0271 

5650 

0.00425 

0.0136 

0.0261 

7304 

0.00368 

0.0131 

0.0256 


The velocity of the reaction in the dark being very small in comparison with 
that in light, the former is altogether left out of consideration when dealing 


with the total 

xA 

velocity obtained in light. 

kj 30®/kj at 20® 

Mean values for 
Arrhenius A 

472s 

3 01 

9791 

5650 

3.20 

10313 

7304 

Temp, S 6 °C 

356 

11261 

xA 

% transmission of Velocity Constant 

incident light through for 100% transmis- 

filters sion 

Velocity Constant for 
equal values of Ex 

4725 

29.6 0.0916 

0.0916 

5650 

3.2 0.816 

0.3213 

7304 

2.86 0.781 

0.1347 


(6) Sodium Potassium Tartrate and Bromine 


N/12.23 sodium-potassium tartrate, N/121.2 Br2, and N/6.6 sodium acetate. 


Kinetics 

xA 

ki at 20° 

ki at 25® 


ki at 30® 

472s 

0.00850 

0.0173 


0.0248 

5650 

0.0137 

0.0210 


0.0325 

7304 

0.0133 

0.0242 


0.0321 

Dark 

0.00372 

0.00674 


0.0122 

Kinetics in pure light 


ki 30° 

Mean 

xA 

ki 20® ki 25® 

k, 30° 

ki 20® 


4725 « 

>.00478 0.01056 

0.OJ26 

2.64 

8609 

5650 0.00998 0.01426 

0.0203 

2.03 

6279 

7304 0.00958 0.01746 

0.0199 

2.08 

6493 

Dark 



3.28 

10536 

Temperature 





Number of times 

Number of times accel¬ 

% of incident light accelerated for 100% 

Mean transmitted by niters transmission by filters 

eration over the dark re¬ 
action for equal values 

xA 



of Ex 


4725 

29.6 

4-37 

4-37 


5650 

3-2 

83-75 

32.9 


7304 

2.86 

90.23 

iS-6 
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(7) Quinine Sulphate and Chromic Acid 


M/89 Quinine Sulphate in N/2 H2SO4, 

N/80.88 H2Cr207and 1.31 

N H2SO4 

Kinetics 





Wave length 

ki at 25® 

ki at 30® 


ki at 35° 

4725 A 

0.000313 

0.000380 


0.000450 

5650 A 

0.000258 

0.000325 


0.000400 

7304 A 

0.000232 

0.000295 


0 000365 

Dark 

0.000204 

0.000262 


0.000326 

Kinetics in pure light 


1, 


Wave length 

ki at 25° ki at 30° 

ki at 35® 

K35 

kos 

Arrhenius A 

4725 A 

0.000109 0.000118 

0 000124 

I .14 

1253 

5650 A 

0.000054 0.000063 

0.000074 

I -39 

2925 

7304 A 

0.000028 0.000033 

0.000039 

I .40 

3052 

Dark 

— — 

— 

I .60 

4257 


Tem'perature 8(f 

Wave length 

4725 "I 

s;6«5o a 
7304 A 


Number of times 
acceleration over 
dark reaction 

1 52 
752 

4.41 


Number of times 
acceleration for 
equal values of Ex 

152 
2 .96 
0.76 


(8) Potassium Permanganate and Oxalic Acid 

N/421.3 KMn()4, N/19.12 H2C2O4, N/337 MnS04 and N/2.78 H2SO4 


Kinetics 


Wave length 

ki at 8.5® 

ki at 14.5® 


ki at 24.5* 

4725 

0.0429 

0.0865 


0.2550 

5650 

0 0386 

0.0741 


0.2003 

7304 

0.0351 

0.0652 


0.1886 

Dark 

0,0220 

0.0466 


0.1440 

Kinetics in pure light 







k 24.5° 

Arrhenius 

Wave length 

ki at 8.5® ki at 14.5° 

ki at 24.5° 

k 14.5° 

A 

4725 -1 

0.0209 0.0399 

0.1110 

00 

8676 

5650 A 

0.0166 0.0275 

0.0563 

2 .05 

5922 

7304 A 

0.0131 0.0186 

0.0446 

2 .4 

7472 

Dark 

— — 

— 

3 09 

9542 


Temperature 14-5° 

Wave length 

472s 

5650 

7304 


Number of times 
acceleration for ioo% 
transmission 

2 .89 
18.44 

13-95 


Number of times 
acceleration over 
dark 

2 .89 
7.26 
2.41 
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(9) Sodium Formate aad Iodine 

N/7.17 sodium formate, N/111.42 I2, N/28.12 KIandN/4.44 sodium acetate. 


Kinetics 

xA 

k* at 20®C 

k| at 30®C 

4725 

0.0134 

0.0641 

5650 

0.0127 

0.0618 

7304 

0.0128 

0,0647 

Dark 

00 

8 

d 

0.457 


Kinetics in pure light k 30° 
k 20® 


xA 

k{ 20** 

ki 30° 


4725 

0.0047 

0.0184 

3 92 

5650 

0.0040 

0.0161 

4 03 

7304 

0.0041 

0.0190 

4 63 

Dark 

— 

— 

S -25 


Arrhenius % incident No; of No; of 
A light times ac- times ac- 
trans- celerated celeration 

mitted by for 100 % for equal 

filters transmis- values of 

sion at Ex 

20®C 


I2II4 

29.6 

1.83 

1.83 

12360 

3-2 

14-38 

S-66 

13591 

14706 

2.86 

16.49 

2.84 


( 10 ) Sodium Nitrite and Iodine 

2 N/3 NaNOj; N/32 h; N/8.04 KI and N/6 ChsCOONa. 

Kinetics 


xA 

ki at 20® 

ki at 25® 


ki at 30® 

4725 

0.0125 

0.0163 


0.0270 

5650 

0.00809 

0.0152 


0.0225 

7304 

0.00772 

0.0136 


0.0220 

Dark 

0.000353 

0.000574 


0.000955 


(Unimolecular) 

(Unimolecular) 


(Unimolecular) 


Kinetics in pure light 


kao” 

Arrhenius 

xA 



k 20® 

A 

ki at 20® k| at 25° 

ki at 30® 



4725 

0.0100 0.0122 

0.0199 

1.99 

6104 

5650 

0.00559 O.OIII 

0.0144 

2.57 

8370 

7304 

0.00522 0.00953 

0.0139 

2.66 

8676 

Dark 

— — 

— 

2.71 

8841 


Temperature S(fC 

xA 

472s 

5650 

7304 


Number of times 
acceleration for ioo% 
transmission by filters 

9.26 

67.31 

72.94 


Number of times 
acceleration for 
equal values of Ex 

9.26 

26.5 

12.58 
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(11) Ferrous Sulphate and Iodine 


Kinetics 

xA 

ki 24.5" 

kj 30^ 


kj 34.5" 

472s 

0.00658 

O.OIII 


0.0174 

5650 

0.00585 

0.00996 


0.0162 

7304 

0.00358 

0.00903 


0.0128 

Dark 

0.000373 

0.000675 


0.00109 


(Unimolecular) 

(Unimolecular) 

(Unimolecular) 

xA 

Kinetics in pure light 
ki at 24.5® kj at 30® 

ki at 34.5“ 

k 34 - 5 ° 
k 24 . 5 " 

Arrhenius 

4725 

0.00453 0.00754 

0.0118 

2 .61 

876s 

5650 

0.00380 0.00640 

0.0106 

2.79 

9377 

7304 

0.00198 0.00399 

0.00564 

2.85 

9570 

Dark 

— — 

— 

2 .92 

9768 


Temperature S(fC 

xA 

4725 

5650 

7304 


Number of times 
accelerated for 100% 
transmission by filters 

7,16 

57*5 

54.65 


Number of times 
accelerated in light 
for equal values of Ex 

7.16 
22.63 
9-4 


( 12 ) Chromic Acid and Oxalic Acid 

(In presence of manganous sulphate and sulphuric acid). 
N/421.3 HjCsOi; N/1947 (COOH)*; N/337 MnS04 and N2.78 H2SO4 acid. 


Kinetics 

xA 


ko at 21® 


ko at 3i®C 

4725 


0.230 


0.545 

7304 

Dark 


0.197 

0.147 


0.504 

0.433 

Kinetics in pure light 
xA ko 21° 

ko 3 i° 

ko 3 i” 

ko 21** 

Arrhenius 

4725 

0 

b 

00 

0.112 — 

1-35 

2677 

7304 

Dark 

0.050 

0.071 — 

1.42 

2.94 

3130 

9626 


Temperature Sl° 


xA 

% incident light 
transmitted 
by filters 

Number of times 
accelerations for 
100% transmis¬ 
sion by filters 

Relative 
values of Ex 

Number of times 
accelerations over 
dark reaction for 
equal values of 

Ex 

472s 

29.6 

0.87 

I 

0.87 

5650 

2.86 

5-73 

5-8 

0.99 
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(13) Mercuric Chloride and Ammonium Oxalate 

(In presence of eosin as sensitiser.) 

M/82 mercuric chloride; M/11.4 ammonium oxlate and M/is-soo eosin. 
[HgCU and (NH4)2S04 were saturated with CO2 before mixing]. 


xA 

k 26 ° 

k,8° 

k 44 ° 

5400 

0.00119 

0.00228 

0.00418 

4950 

0.00461 

0.00756 

0.0125 

4350 

0.00109 

0.00211 

0.00408 


This reaction does not take place in the dark. 

Temperature 46® 

Velocity Relative Velocity 

% light constants values constants 


xA 

k 

Arrhenius 

“A” 

trans¬ 
mitted by 
filters 

for 100% 
transmis¬ 
sion by 
filters 

of Ex 

for equal 
values of 
Ex 

5450 

1.83 

5950 

49 

0.00853 

3 -9 

0.00219 

4950 

1.65 

4931 

40 

0.0313 

1.19 

0.00263 

4350 

1-93 

6475 

35 

0.0117 

I 

0.0117 


( 14 ) The Photo-Oxidation of Iodoform by Atmospheric Oxygen 

M/40 CHI3 

(Total light from a 1000 watts tungsten filament lamp was used.) 
Kinetics 


Solvent Amyl alcohol 

ko(l9°) ko 29° 

(Zero-mole- (Zero-mole¬ 
cular) cular) 


k 39 ° 

(Zero-mole¬ 

cular) 


Solvent Benzene 

ko 24° kp 84° ko 44 ° 

(Zero-mole- (Zero-mole- (Zero-mole¬ 
cular) cular) cular) 


O.OIIl 


0.0130 0,0150 


0.421 0.496 0.521 


Solvent Amyl alcohol 

k, 3 ° 

k49° Arrhenius “A” 

IIS® 123s 


Solvent Benzene 

k 44 ° 

k84° Arrhenius “A’^ 

1.05 607 


Discussion 

Our experimental results show that in all cases the temperature coefficients 
of the photochemical changes are less than those of the corresponding thermal 
reactions. Moreover, the values of the temperature coefficients and Arr¬ 
henius A depends on the wave-length of the incident radiation. The results 
show in general that, the greater the observed acceleration of the reaction 
by light of different wave-lengths, the less is the temperature coefficient. 
These results support our views emphasized in the foregoing papers. We 
have repeatedly observed that the temperature coefficient of a photochemical 
reaction depends on the amount of acceleration over the thermal reaction. 

We have proved from the measurements of the extinction coefficients 
that there is increased absorption when the temperature of the system is 
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increased. From our experimental results already recorded on the tem¬ 
perature coefficients of purely photochemical reactions it will be seen that the 
temperature-coefficient is always greater than unity. In deducing these 
temperature coefficients the velocity of the thermal reactions has always 
been subtracted from the total velocities obtained by exposure to light. 
Even with this precaution the temperature coefficient of the purely light reac¬ 
tion is always found to be greater than unity. These results are very likely 
due to the fact that the absorption increases with temperature and conse¬ 
quently the photochemical change becomes greater at higher temperatures. 

Some work in this line has been carried out by Padoa and coworkers' 
and their results show that the temperature coefficients of the photochemical 
reactions increase as the frequency of light diminishes, the only exception 
being the oxidation of hydriodic acid where a diminution of temperature 
coefficient is observed as the light frequency falls. Similarly Griffith and 
McKeown^ have shown that the temperature coefficient of the photochemical 
decomposition of ozone is greater the greater the wave-length of the radiation. 

We are of the opinion that these results are due to the fact that the light 
of shorter wave-lengths producing greater acceleration of the reactions 
causes greater lowering of the temperature coefficient than radiations of 
longer wave-lengths. In the case of the oxidation of hydriodic acid the 
iodine produced absorbs light in the visible spectrum and thus the reaction 
is markedly accelerated by radiation of longer wave-lengths. Hence Padoa 
observed smaller temperature coefficients with longer wave-lengths than with 
shorter ones in the oxidation of H I. 

We have calculated the true accelerations due to light in several of these 
photochemical changes taking into consideration the energy distributions 
at different wave-regions applying Planck’s formula and the percentage of 
adsorption by the reacting substances. In several cases the absorption is 
maximum at X5650 A and in this region the true acceleration of the photo¬ 
chemical change is also maximum. 

From our experimental results it is evident that all the foregoing reactions 
are appreciably accelerated in the regions of the mean wave-lengths X472S, 
5650 and 7304 A. It should be made clear at this stage that all the reactions 
investigated in this paper proceed with measurable velocity in the dark. 
In other words, radiation acts as an accelerator in these reactions. One 
fact will be clear from our experimental results that all the reactions are 
appreciably accelerated in the region X7304 A, which practically lies in the 
infra-red region of the spectrum. There is a belief in the minds of photo¬ 
chemists that photo-chemical reactions are brought about only by violet 
and ultra-violet radiations and the majority of the photo-chemical changes 
studied are under the influence of radiations solely of the above type. Some 
years ago Rideal and Hawkins showed that the hydrolysis of methyl acetate 
is accelerated by sun-light, but these observations have now been ascribed 

1 Atti Accad. Lincei (5), 25 , II, 168, 215 (1916); Gazz., 55 , 87 (1925)* 

* Faraday Soc. Discussion October, 1925. 
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to experimental errors.^ Another case investigated was by Griffith and 
ShuW who found that under the influence of infra-red radiation ozone 
decomposes slowly. Our investigations carried on in a systematic manner 
under the influence of the visible and infra-red radiations will convince 
the photo-chemists that chemical changes can be accelerated by infra-red 
wave-lengths as well as by shorter wave-lengths. 

The acceleration of the reactions having iodine as one of the reactants 
can be readily explained from the following point of view:— 

The heat of dissociation of iodine molecule is 34,400 cal. and the cor¬ 
responding wave-length comes out to be 0.836M. Consequently, we can 
assume that even in presence of radiations of X7304 the iodine molecule will 
be atomised. Hence in presence of radiation of X7304 the reaction is acceler¬ 
ated because of the presence of the atomic iodine. 

The main difficulties of the Perrin-Lewis radiation hypothesis of chemical 
activity are as follows:— 

(i) The observed velocity of a reaction is much greater than the calculated 
velocity on the assumption that the entire energy is derived from the tem¬ 
perature of the system. 

(ii) From the critical increment as obtained from the temperature coeffi¬ 
cient of the reaction one can easily calculate the wave-length which should 
markedly accelerate a chemical change. But usually no acceleration is 
observed in the region of the calculated wave-length. In other words, the 
region where the chemical change is fastest is not the same as predicted by 
calculation. Moreover, in many cases it has been observed that the reacting 
mixtures do not show appreciable absorption in the region obtained by 
calculation from the temperature coefficients. In order to explain away 
these difficulties it has been assumed that most chemical changes take place in 
stages and instead of one single frequency a series of frequencies is active 
in bringing about the total reaction. There is considerable experimental 
evidence in support of these assumptions because we know that many chemi¬ 
cal changes can take place under the influence of a series of wave-lengths 
and that reactions do actually occur in stages. 

From the experimental results recorded in this paper it will be observed 
that the reactions investigated can be accelerated by radiations of the infra¬ 
red type. In the following table the wave-lengths obtained by calculation 
from the thermal temperature coefficients of some of the reactions are given:— 

Potassium oxalate and iodine— o. 86 m 
Potassium permanganate and oxalic acid—1.44M 
Ferrous sulphate and iodine—1.46M 
Bleaching of dicyanin—5.64M 
Sodium nitrite and iodine—1.69/i 
Mercuric chloride and ammonium oxalate—2.62M 
Chromic salt and oxalic acid etc.— i.S9M 

^ Compare Taylor; ‘Thysical Chemistry", 2, 1273, 

* J. Chem. Soc., 123 , 2752 (1923). 
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Rochelle salt and bromine—1.38/1 

Sodium formate and mercuric chloride—1.07/i 

Quinine sulphate and chromic acid—3.47/1 

It is evident therefore, that all these reactions should be accelerated by- 
short infra-red radiations. As a matter of fact, we have observed accelera¬ 
tions by radiation of wave-length X7304 A. We are of the opinion therefore, 
that these wave-lengths which are obtained by calculation from the thermal 
temperature coefficients may be regarded as the threshold limit, no chemical 
change is possible, with radiations of longer wave-lengths. This may also 
be made clear from another line of argument. Following Arrhenius it has 
been shown in previous papers' from these laboratories that there are active 
and inactive molecules in a system and that chemical changes take place 
between the active molecules only and it has also been held that an increase 
in temperature means an increase in the number of the activated molecules. 
Now, those dark reactions which are very sensitive to the influence of tem¬ 
perature are evidently the ones where the difference in energy between the 
active and inactive molecules is very marked. In other words, in activating 
the inactive molecules in such a system absorption of energy in quanta of 
greater energy content would be necessary than in a system where the dif¬ 
ference in energy levels between the active and inactive molecules is not so 
prominent. 

Dhar* has shown that fast reactions have smaller temperature coefficients 
than comparatively slow ones. It is because, in a fast reaction the number 
of active molecules is much greater than in the slower ones. Morevoer, 
it can be assumed as well that in a fast reaction the molecules can be acti¬ 
vated more easily than in a slow reaction. Consequently, a fast reaction 
need not be so sensitive to the influence of temperature. Hence, it appears 
that those reactions w^hich have small temperature coefficients could be 
activated by quanta of smaller energy content and consequently such reac¬ 
tions should be accelerated by short infra-red wave-lengths. On the other 
hand, those thermal reactions which are very sensitive to the influence of 
temperature should be activated by radiations of larger energy quanta and 
ought to be sensitive to shorter wave-lengths. 

Hence, we venture to suggest that the threshold frequency of thermal 
reactions having high temperature coefficients, when carried on in presence 
of light should be much larger than that of the reactions having a smaller 
temperature coefficient. Consequently, we are definitely of the opinion that 
the conception of the threshold frequency is of great importance in under¬ 
standing the mechanism of photo-chemical reactions. It should be made 
clear that the threshold frequency really depends on the temperature coeffi¬ 
cient of the thermal reactions. 

Daniels and Johnston* have found that i.i 6 w as the wave-length which 
would activate the decomposition of N2O6 but they have reported that this 

^ J. Chem. Soc., Ill, 707 (1917); Z, anorg. allgem Chem., 159 , 103 (1926). 

* J. Chem. Soc., Ill, 707 (I 9 I 7 )- 

• J. Am. Chem. Soc., 43 , 53 (1921). 
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reaction is not sensitive to this wave-length. We would suggest, however, 
that this reaction will progress by exposure to intense light of this wave¬ 
length for a longer period. 

From our experimental results it is quite clear that chemical changes can 
be accelerated by short infra-red radiation in such cases where the values 
theoretically obtained predict that possibility. 

The depolymerization of dianthracene to anthracene gives a critical 
increment of 41,300 calories corresponding to 0.707W. It was found that 
exposure of the system to radiations with o.^u brings about the depoly¬ 
merisation of anthracene and it is very likely that a solution of dianthracene 
will show a feeble absorption in this region. 

It must be pointed out clearly that according to the views advanced in the 
foregoing pages we can get the threshold frequencies from the measurements 
of the temperature coefficients. Radiations of longer wave-lengths will not 
promote the reaction in question. The main difference between this con¬ 
ception and the Perrin-Lewis Radiation theory is that according to the 
latter theory the wave-length calculated from the temperature coefficient 
should bring about the maximum speed of the reaction in question whilst 
according to the conception now put forward the threshold frequency is the 
minimum frequency necessary for the carrying out of the reaction. Radia¬ 
tions of shorter wave-lengths will be effective while radiations of longer 
wave-lengths will be incapable of accelerating the reaction. 

Rideal and Williams^ have suggested that the wave-length X5448 A which 
corresponds to the resonance potential of iodine is the limit. With longer wave¬ 
length no reaction takes place between iodine and ferrous sulphate. We 
have however, proved that the same reaction can be accelerated by wave¬ 
length X7304 A. Consequently, the suggestion of Rideal and Williams is 
erroneous. That these authors are in error is also held out in a very recent 
communication by Kistiakowsky* who shows that the suggested relation of 
the wave-length to the critical potential of gaseous iodine is highly improb¬ 
able, the volt equivalent of effective radiation varying from 1.9 (X6500) to 
2.4 V. It was shown by Dymond* that gaseous iodine is dissociated into 
atoms only on absorption of radiation of wave-lengths shorter than X5000 A 
(2.48 V). 


Summary 

(1) The bleaching of dicyanin in presence of air follows the uni-mole- 
cular formula. The temperature coefficient of this reaction is 1.35 in the dark 
and is slightly greater than unity in light. 

(2) The reactions between sodium citrate and iodine and sodium malate 
and iodine are both tiimolecular in the dark and the temperature coefficients 
are 1.64 and 1.61 respectively. 

^ J. Chem. Soc., X 27 , 258 (1925). 

* J. Am. Chem. Soc., 49 , 976 (1927). 

»Z. Physik, 34 , 553 (1925). 
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(3) Our experiments on the influence of light of different wave-lengths 
on fourteen photochemical reactions show that the greater the acceleration 
of the reaction due to light the smaller is the temperature coefficient of the 
photochemical change. The temperature coefficients in light ar greater than 
unity. 

(4) We have been able to show satisfactorily that infra-red radiation 
of mean wave-lengths X7304 A can accelerate all the chemical changes investi¬ 
gated in this paper. 

(s) We have calculated the true accelerations due to light in several of 
these photochemical changes taking into consideration the energy distribu¬ 
tions at different wave-regions applying Planck’s formula and the percentage 
of absorption by the reacting substances. In several cases the absorption 
is maximum at X5650 A and in this region the true acceleration of the photo¬ 
chemical change is also maximum. 

(6) We have calculated the threshold frequency of photochemical reac¬ 
tions from the temperature coefficients of the same reactions carried on in 
the dark. Radiations of frequencies smaller than the threshold frequency will 
not promote the reaction in question, whilst radiations of larger frequencies 
will accelerate the reaction. This conception of the photochemical threshold 
frequency seems to have considerable experimental support. 

Chemical Laharalory, 

University of Allahabad, 

Allahabad, India. 

Decembers, 1927 . 



STUDIES IN PHOTOGRAPHY* 

I. The Nature of Sensitivity and the Latent Image 


BY PRANK E. B. GBRMANN AND DZU-KUN SEEN 

I. Introduction 

The nature of sensitivity and the latent image has been subjected to many 
proposed theoretical modifications. Since no difference whatsoever has ever 
been observed between an exposed and an unexposed plate except the develop- 
ability of those grains which have received an exposure, greater than the in¬ 
duction value and less than that for reversal, the only method available for 
the study of the nature of the latent image is through the observation of the 
behavior of the exposed grains towards developers. The observation of the 
development centres, first by Hodgson,* followed by the exhaustive study 
of Svedberg, opened a new road for studsdng the mechanism by which the 
latent image is formed by the action of light. The existence of the special 
sensitive specks situated haphazardly upon the grains and the identification 
of the sensitivity promoting material present in the gelatin marked a great 
advance in the solution of the problem.* Photographic sensitivity as a whole, 
however, is by no means perfectly understood and many phenomena, such 
as reversal, are still more or less of a mystery. 

It seems at present very improbable that the problem of what consti¬ 
tutes sensitivity can be solved by a direct method. We know, however, 
numerous substances which can affect the sensitiveness of a photographic 
plate making it either more or less sensitive. It is our belief that the key to 
the solution of the nature of photographic sensitivity rests upon the careful 
study of the mechanism of sensitization and desensitization. 

Many investigations have supported the conclusion that the sensitivity 
of gelatino-silver bromide emulsions is due in a large measure to the presence 
on or in the grains of traces of substances other than silver bromide. It is, 
therefore, generally accepted that the formation of the latent image can not 
be represented by a simple chemical reaction as zAgBr = zAg + Brj, al¬ 
though the decomposition of silver bromide into silver and bromine through 
the action of light is a well-established fact.* Since the mechanism of latent 
image formation, though not clearly understood, is not likely to be explained 
by such a simple chemical equation, any theory based upon such an assump¬ 
tion will prdbably have to be modified. Substances which can sensitize a 
photographic plate are termed chemical sensitizers; their sensitizing action 

* Contribution from the Department of Chemistry of the University of Colorado. 

* M. B. Hodgson: J. Franklin Inst., 184, 705 (1017); T. Svedberg: Z. wise. Phot., 20, 
36 (1920); Phot. J.,01,325 (1921);02,186,310 (1922);04,273 (1924). 

> Toy: Trans. Faraday Soc., 19,290 (1923); Sheppard: Phot. J,, OS, 380 (1925). 

’Hartung: J. Chem. Soc., 121, 682 (1922); 12S, 2198 (1924). 
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is attributed to the power of halogen absorption.^ The fact that silver iodide 
gelatin emulsions are much less sensitive than those containing silver bromide 
is explained by the inability of the gelatin to react with iodine, while gelatin 
acts as a chemical sensitizer in the case of silver bromide emulsions^. That 
gelatin can react with bromine is a well-established fact. If the halogen 
absorbing power were the only factor of importance essential to sensitizers, 
many substances such as alkalies, sulphites and nitrites would have been 
better sensitizers than gelatin. Many organic compounds, developers in 
particular, are chemical sensitizers as proven by the fact that they have a 
sensitizing effect on silver iodide emulsions. However, many cases are known 
in which the so-called sensitizers actually decrease the sensitiveness of a 
silver bromide emulsion,** the nature of chemical sensitizers and the mechan¬ 
ism of chemical sensitization seem to deserve careful study in the hope that 
additional facts may be discovered bearing on the nature of photographic sen¬ 
sitivity. 

The importance of silver iodide incorporated in the silver bromide emul¬ 
sions has been recognized since the early days of photography. The re¬ 
markable and distinctive effects produced by the introduction in various ways 
of a small amount of silver iodide into the silver bromide emulsions are still 
very little understood. Silver iodide collodion plates^ are very sensitive 
while pure silver iodide gelatin emulsions are relatively insensitive but possess 
many peculiarities. The sensitizing action of many developers upon the 
silver iodide emulsions was recorded by many early investigators,* but interest 
was recently aroused by a patent issued to Johnson® who claimed to have 
found many substances having sensitizing action upon silver iodide emul¬ 
sions. Germann and Hylan^ undertook the investigation of the process and 
explained the mechanism of the sensitizing action and the cause of the lack 
of sensitiveness of the silver iodide emulsion on the basis of adsorption. They 
extended their theory to the discussion of the relationship between sensitivity 

^ Vogel: “Handbuch der Photographie,” 4th Ed. 1, 73 (1890); Bancroft: J. Phys. Chem., 
12 , 230 (1908); 14 , 128 (1910). 

* Ltippo-Cramer: Phot. Korr. 38 , 218,422,427 (1901); 40 , 25,174 (1903): 43,433 (1906); 
Bancroft: J. Phys. Chem., 14 , 144 (1910); (^rmann and Hylan: J. Am. Chem. Soc., 45 , 
2486 (1923)- 

* LQppo-Cramer: ^^Wissenschaftliche Arbeiten,*^ 31 (1902); Phot. Korr., 40 , 25 (1903); 
49 , 76 (1912); 50 , 58 (i 9 I 3 ); 52,278 (1915); Pbot. Ind., 18 , 505, 664 (1920); Duce: Brit. J. 
Phot., 69 , 296 (1922). 

^ Henderson:Brit. J. Phot., vol. 32 ,201 (1885); Schumann: Phot. J., 35 , 204, 229, 283, 320 
(1895); Schleusser and Beck: Z. wise. Phot., 21, 105 (1921); Renwick: 2nd Coll. Symp. 
Mon., 37 (1924); Phot. J., 61 , 12 (iQ2i); 64 , 360 (1924); 66, 163 (1926); J. Soc. Chem. Ind., 
39 , 156 T (1920); Ltippo-Cramer: Phot. Ind., 18 , 211 (1920); 19 , 417 (1921); 22, 375 (1924); 
23 , no, 1116(1925); 25 , 806 (1927); Pilot. Korr., 47 , 239 (iQio); 49 , 262, ^o (1912); 50 , 
460, 503, 509, 561 (1913): 51 , 402 (1914); Eder’s Jahrb., 40 (1903); Sheppard: J. Franklin 
Inst., 196 , 653 (1923); Phot. J., 60 , 12 (1920); 62 , 88 (1022); Archey: Phot. J., 61 , 235 
(1921); Trivelli: Rec. Trav. chim., 42 , 714 (1923); J. Soc. Chem. Ind., 42 , 908 (1923). 

* Vogel: ‘^Handbuch der Photographic,” 4th Ed. 1, 73 (1890); Ltippo-Cramer: Phot. 
Korr., 38 , 218, 422, 427 (1901); 40 , 25, 174 (1903); 43, 433 (1906); 49 , 76 (1912); 50 , 58 
(1913}; 52 , 278 (1915); Bancroft: J. Phys. Chem., 12, 230 (1908); 14 , 128, 144 (1910). 

« Johnson: Chem. Abs., 16 , 3270 (1922); Brit. Pat., 178, 828; French Pat., 550, 439. 

7 Germann and Hylan: Science, 58 , 332 (1923); J* Am. Chem. Soc., 45 ,2486 (1923); J. 
Phys. Chem., 28 , 449 (1924). 
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and grain size, arguing that the large grains are in general not more sensitive 
than snail grains, but that the greater sentntivity of large grains is due to 
causes other than size. The intensive studies on sensitivity carried on by 
Svedbei*, Toy, Clark and Sheppard in recent years have given great impetus 
to photographic research.* It is assumed that the conclusions drawn from 
the studies on grain sensitivity of silver bromide should be applicable to the 
case of silver iodide, concerning which the mechanism of sensitization by the 
so-called chemical sensitizers demands theoretical modification. 


n. Experimental 

The preparation of an emulsion having a wide range of grain size offered 
a great deal of difficulty. In a fine-grained pure silver iodide emulsion, the 
grains do not grow readily during ripening. They also show a strong tendency 
to coagulate and give clumps of crystals, which would be useless in an ac¬ 
curate study of individual grains. After many unsuccessful attempts, it was 
found that the following formula, if prepared according to directions, will 
always give an emulsion having a wide range of grain size, and free of ag¬ 
gregates of cr3rstals. 

Solution I. Potassium iodide 21.500 grams 

Gelatin (Nelson No. I) 6.000 grams 

Water 80 cc. 


Solution II. Silver nitrate 7.000 grams 

Water 20 c.c. 

Ammonium Hydroxide (Sp. Gr. 0.90), sufficient 
to redissolve the precipitate. 


Solution III. Silver nitrate 13.000 grams 

Water 20 c.c. 

Ammonium Hydroxide (Sp. Gr. 0.90) sufficient 
to redissolve the precipitate. 

Solution IV. Gelatin (Nelson No. I) 30 grams 

Water 70 c.c. 


Solution I is prepared by soaking the gelatin in the water solution of the 
iodide for fifteen minutes at room temperature. Solutions I and II are then 
placed in a thermostat whose temperature does not vary more than a half 


‘ Svedberg: Z. wias. Photy 20, 36 (1920); Phot. J., OIL 325 (1921); 62,186,310 (1922); 
W, 273 (192^; Toy: Phot. J., 61 , 417 (1921); Brit. J. Phot., 69 , 443 (1922); Phil Mag., 

H (*925); M, 48a (1927); Trans. 

(1924)566,78(1926); 

. _. , . .. >>223,717,763(1923); 

74 , 121, 227 (1927); Sheppard: Phot. K<nT., S 9 , 76 (1922): Hiot. J., 61 , 450 (1921); 

.); 67 , 216 ,281, 33 i> 

* 5 «> 6*9 

1 
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degree from 88°C. When equilibrium is attained, solution II is poured into 
a water-jacketed burette, also maintained at 88® C. From this burette it 
is run into solution I with constant stirring, the rate being such as to require 
one and three-quarter minutes for the entire quantity to be dehvered. The 
omulsion is then allowed to ripen with constant stirring at the temperature 
of the thermostat, for a period of ten minutes. Solution III, which is also 
at 88®, is then placed in the water-jacketed burette and delivered to the mix¬ 
ture of solutions I and II in forty-five seconds, after which it is allowed to 
ripen with constant stirring for fifteen minutes at 88®C. The emulsion is 
then cooled in four minutes to 4o®C., and then solution IV is added. After 
ripening for fifteen minutes at 40®, it is allowed to stand in cold running water 
over night, during which time it sets to a rigid gel. It is then shredded and 
washed in running water to free it from soluble salts. This is usually accom¬ 
plished in three hours, as evidenced by the fact that diphcnylamine in sul¬ 
phuric acid will no longer show the presence of nitrates in the emulsion. 

After the emulsion was thoroughly washed, it was melted at 4o®C and 
diluted with a 1% gelatin solution to such a concentration that it would give 
a one-grain layer coating on the glass plate. The diluted emulsion was twice 
filtered through an open Whatman No. 41 paper on a Buechner funnel, and a 
solution of chrome alum was added with rapid stirring, using one gram of 
chrome alum per 100 grams of gelatin used in the emulsion. 

Glass plates, 14" X 10' in size, were washed with 20 % caustic soda solu¬ 
tion followed by rinsing with water, then soaked in chromic acid solution for 
two hours, again thoroughly washed with water and allowed to dry. The 
washed plates were never allowed to be exposed to air longer than necessary 
for drying; prolonged exposure would result in the deposition of grease from 
the air, and uniform coating of the emulsion would be impossible. 

After thorough mixing, a small portion of the emulsion was poured from 
a separatory funnel upon the clean and carefully levelled glass plates, and 
allowed to dry at room temperature. Each large plate was cut into four 
pieces, seven inches long and five inches in width. One of these plates was 
placed in a plate holder and exposed behind an interchangeable mask so that 
twelve different exposures could be made on the same plate. A i s-watt tung¬ 
sten filament lamp was used as a light source, with a six-volt storage battery 
as a source of steady current, the constancy of the current consumption being 
•checked by means of an ammeter. Uniformly diffused light was obtained 
by inserting a piece of thin ground glass about three inches from the light 
source, and the plate to be exposed was placed half a meter away from the 
latter. The whole was enclosed in a black wooden box. Since it was desired 
to study the behavior of individual grains and the relationship between the 
sensitiveness and the size of grains, Svedberg’s statistical method was found 
the most satisfactory. His method was followed, with the exception that the 
■exposed plates were developed in a pyro-soda developer free from soluble 
halide and both the developed and undeveloped grains were directly counted 
nnder a microscope without dissolving off the silver grains; this would avoid 
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the poasible error pointed out by Renwick* that a partly developed grain 
might be mistaken for an undeveloped gnun. llie plateh were developed 
in the following developer at a temperature of i8°C. 


Solution A. Water looo c.c. 

, Pyro - 6o grams 

KsSaOt 13 grams 

Solution B. Water looo c.c. 

NasSO, 95 grams 

Solution C. Water looo c.c. 

Na*COs 70 grams 


For use, make solution consisting of 10% A, 10% B, 10% C and 70% water. 

After the plate was thoroughly washed and dried, it was out into sections 
each representing a definite exposure. They were examined under a Bausch 
and Lomb microscope fitted with a 1.9 mm. oil emersion objective and a 25X 
Huyghenian occular. Both the developed and imdeveloped grains were 
counted and the percentage number made developable was plotted against 
the corresponding exposure. At least ten fields, amounting approximately 
to two thousand grains were coimted on each section, and the average per¬ 
centage number of grains made developable was taken. 

Luminescence Phenomenon 

It will be observed that no fixing bath was used in the above outline. The 
reason for this is to be found in the following observations. While following the 
procedure outlined by Sheppard,* the developed plate was rinsed in 1% 
acetic acid solution to stop development and then followed by washing with 
water. At the moment the developed plate came in contact with the acid 
solution, a faint luminescence was observed. This phenomenon was finally 
found to be due to the reaction between the spent developer and the acetic 
acid. A freshly prepared pyro-soda developer did not show such effect, 
while the luminescence became more pronounced when the pyro-soda de¬ 
veloper had been allowed to stand in air for a short time. Besides acetic 
acid, hydrogen peroxide and mineral acids have also been tried and foimd to 
give the same phenomenon. Since the absorption of oxygen is necessary 
for the production of the luminescence, it is suggested that pyrogallol in 
alkaline solution absorbs oxygen from the air forming a compound which 
resembles peroxide, in which the oxygen is very loosely attached. This 
compound is immediately decomposed by the acid with evolution of oxygen 
accompanied by luminescence. 

Sheppard,* in explaining the fogging action of hydrogen peroxide on the 
photographic plate, suggests that "since hydrogen peroxide is endothermic 
in its formation from water 

‘ Beowick: Phot. J., 61 , 333 (1921). 

* Sheppard: J. FranJclin: lost., 195 , 343 (1933). 

* Sheppard: J. Franklin Inat., 195 , 345 (1933), 
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H2O2 =* H2O + /^02 + 25,650 cal. 

and is continually decomposing, especially in the presence of catalysts, that 
the energy is evolved primarily as a chemiluminescence, of short wave¬ 
length affecting the silver halide.*^ Chemi-luminescence is fairly general in 
chemical reactions involving the evolution or adsorption of gases, chiefly 
oxygen.^ The observed chemi-luminescence is therefore suggested to give 
an indirect support to Sheppard’s conclusion. 

Since the luminescence thus produced might affect the plate and intro¬ 
duce error in the experiment, the plate, after being developed, was im¬ 
mediately placed in running water without rinsing with acetic acid. 

Grain Sensitiveness of Silver Iodide 

The most apparent difference between silver bromide and silver iodide 
grains is their reducibility by means of chemical developers, a fact to which 
Luppo-Cramer^ attributes the apparent insensitivity of silver iodide. 

The silver bromide emulsion, when coated in a single grain layer, usually 
developed very quickly with the unbromided developer, even without having 
received an exposure; in other words, it fogged very readily. Work carried 
out by previous investigators has been confined mostly to silver bromide 
grains, and the developers used contained a large amount of potassium bro¬ 
mide to suppress the development. In order to show the development cen¬ 
tres, the development had to be stopped at the end of about a minute. In 
the case of silver iodide grains, the development goes on very slowly; even 
at the end of fifteen minutes in a developer containing no soluble halide, 
some grains are still incompletely developed. The fact that a grain will \>e 
either completely developed or not at all was confirmed by developing the 
slides of an evenly exposed plate different lengths of time and counting the 
percentage number of grains developed, assuming a grain would be com¬ 
pletely developed if it contained one or more centres. The plate and the 
exposure were so chosen that only a small fraction of the grains would be 
made developable, in order that fog correction, if any, could be made by hav¬ 
ing an unexposed plate developed along with it. In the short development 
the centres were so small that they could easily escape observation, but as 
the development went on, the centres increased in size until the whole grain 
was developed. Fig. i shows that the percentage number of developable 
grains made visible increases with time of development and becomes prac¬ 
tically constant after about ten minutes. The values plotted have been 
corrected for fog, which, even after thirty minutes of development is less 
than one per cent. This is a very striking characteristic of silver iodide 
emulsions. Since prolonged developing does not increase fogging appre¬ 
ciably, fifteen minutes was adopted in all cases for the complete revelation 
of the centres. Fig. 2 shows the relation between time of exposure and per¬ 
centage number of developable grains when a one grain layer silver iodide 

^ Trautz: Z. Elektrochemie, 14 , 453 (1908). 

* LUppo-Cramer: Eder's Jahrb. 40 (1903)- 
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plate is exposed, developed and examioed as detailed above. It is to be 
noted that tlie maxiTniim developability is almost reached at the exposure 
oi 64 seconds, and that only 17% of the total silver iodide grains are ever 
made developable. Further increase in exposure decreases the number of 
developable grains, that is, the period of reversal is entered. 



Fig. 1 



Smsitivity and the Size of Grains 

The relationship between senntivity and grain size has been realized 
since the early days of photography. Fast emulsions usually consist of large 
grains, but it is not at all true t^t the sensitivity of any large-grained emul¬ 
sion exceeds that of any aoaall-grained one.^ Furthmnore, emuMons having 
identical grain characteristics may differ considerably in senntivenesa.* 
The fact that only in one and the same emulsion, are the large grains more 
sensitive than the small ones, makes it apparent that grain size is not the 

‘Benwiok: Phot. J., 61 , 333 (1930. 

* Siqqpard; ist CoL ^mp. Mon., 346 (1923). 
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sole factor determining high sensitivity.^ We still do not know what causes 
sensitivity; we know, however, that the sensitivity of an emulsion can be 
increased through processes which simultaneously increase the size of grains. 
We do not know the mechanism by which the sensitivity is increased; it 
seems justifiable to believe that the factors which govern the increase in 
sensitivity coincidently favor the growth of grains. In one and the same emul¬ 
sion, the conditions under which the large grains are produced are decidedly 
different from those in formation of the small grain fraction; a difference in 
sensitiveness between these two classes of grains should not be surprising. 

If the sensitivity is due to the presence of some impurity in the gelatin, 
allyl thiocarbamide, according to Sheppard,® and the degree of sensitivity 
depends upon the size of the sensitive specks situated on or in the silver 
halide grains,* the large grains would be more sensitive because the sensitive 
specks on the large grains are likely to be larger. If we assume that the 
amount of the sensitive material is limited in the gelatin, the amount adsorbed 
on the silver halide grain would be greater in the earlier stages of precipi¬ 
tation when the concentration of the sensitive material is the greatest. When 
an emulsion is made by pouring a silver nitrate solution into the soluble 
halide solution to which gelatin is added, it is obvious that at the earliest 
stage of precipitation, the concentration of the soluble halide is also the 
greatest, which favors the so-called Ostwald ripening, i.e., the grains pro¬ 
duced will attain the largest size. From these considerations, therefore, the 
large grains which are more sensitive are produced during the earlier stages 
of precipitation, during which time the concentration of both soluble halide 
and sensitizing material is greatest. 

The insensitiveness of the silver iodide emulsion cannot be explained to 
be merely due to the incapability of the normal developers to reduce the 
silver iodide grains, as suggested by Luppo-Cramer, because such explanation 
cannot satisfy the fact that seventeen per cent of the total grains are develop¬ 
able, unless the assumption is made that the rest of the grains are materially 
different and entirely lacking in sensitivity. If sensitivity is due to the pres¬ 
ence in the grain of some foreign material derived from gelatin, then only 
this seventeen per cent of the total grains is supplied with such material, 
and the lack of sensitivity of the rest of the grains would be due to deficiency 
of the sensitivity material on account of the fact that they are formed during 
the latter stage of precipitation in which the sensitivity material is practically 
exhausted. If this were the case, the developable grains would have been 
those formed at the earlier stage of precipitation, i.e., those of the largest 
size. 

In order to test the above conclusions, two extreme fractions containing 
the largest and smallest grains of an emulsion were obtained by repeated 

^Svedberg: Z. wiss. Phot., 20, 36 (1920); Phot. J., 61 , 325 (1921); 62 , 183, 186, 310 
(1922); 64 , 272 (1924); Renwick: 64 , 360 (1924); *^3 (1926); Sheppard: J. Franklin 

Inst., 203 , 829 (1927). 

* Sheppard: Phot. J., 65 , 380 (1925). 

« Sheppard: J. Franklin Inst., 200 , 51 (1925); 3 r<i Col. Symp. Mon., 86 {1925)* 
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centrifugiDg, and coated on separate glass plates. The emulsion was made 
exactly as before except taking four minutes for the first mixing and twenty 
minutes for the first ripening in order to obtain a wider range in grain size. 
Both plates were exposed and developed in exactly the same manner; it was 
found that the developability-exposure curves for the large and small grained 
fractions coincided with that of the uncentrifuged emulsion. This is shown in 
Fig. 3, plates I, II, and III representing the uncentrifuged, large and small 
grained emulsions respectively, all of which coincide. This would indicate 
that the undevelopability of eighty-three per cent of the grains cannot be due 
to the depletion of the sensitivity promoting material in the solution. It 
would, furthermore, indicate that there is no appreciable difference in sen¬ 
sitivity between the large and small grains of the same emulsion. 

In a later paper the effect of sensitizers on these same emulsions will be 
presented, and data will be given which seem to prove that the insensitivity 
of silver iodide emulsions is due to quick reversal. 

Summary 

1. Photographic sensitizers are discussed, and a complete bibliography 
on the sensitizing effect of silver iodide in silver bromide emulsions is given. 

2. A formula is given,which jdelds emulsions of a large range of grain size. 

3. A luminescence phenomenon resulting from the contact of spent 
developer with acids is studied and an explanation given. As a result of 
this observation, the plates studied are washed in running water rather than 
placed in a fixing bath. 

4. Grain sensitivity of silver iodide emulsions is studied and it is found 
that in the unsensitized emulsions only seventeen per cent of the grains ever 
develop. 

5. A silver iodide emulsion of wide range of grain size was centrifuged 
and the large and small-grained fractions coated on different plates. Both 
showed identical developability curves which also coincided with that of the 
uncentrifuged emulsion. 

6. It would therefore appear that both large and small grains are alike 
and that the insensitivity is not due to an exhaustion of a sensitivity-pro¬ 
moting material. 

7. It is suggested that the apparent insensitivity is due to a rapid re¬ 
versal, evidence for which will be presented in a future paper. 



THE VAPOR PRESSURE OF ETHYLENE CHLORIDE 
BETWEEN -30" AND 100°. 

J. N. PEARCE AND PAUL E. PETERS 

In some work which we are doing on the adsorption of vapors by charcoal 
a knowledge of the vapor pressure of ethylene chloride is very essential. 
Rex* has measured the vapor pressure of ethylene chloride at o“, 10°, 20° and 
30“, but his results are probably in error, 
since the boiling point of his sample vari¬ 
ed from 83.7® to 84.3®. Staedel* has de¬ 
termined the boiling points of this liquid 
under pressures varying between 400 mm. 
and 1080 mm. 

The normal boiling point of ethylene 
chloride, as given by Thorpe,’ is 83.5°; 
that given in the Critical Tables* is 83.7®. 

Schiff® reports the boiling point as 83.3® 
at 749 mm., while Brtthl* gives it as 84.5® 
to 85® at 750.9 mm. 

Eastman’s C.P. ethylene chloride was 
fractionally distilled five times by means 
of the improved fractionating still recom¬ 
mended by Loveless.' The fraction finally 
collected consisted of about 200 cc. which 
was distilled during a period of two hours, 
the maximum change in temperature be¬ 
ing 0.01® while the pressure remained con¬ 
stant at 747.3 mm. 

The mercury used in the manometers 
was purified in the usual way by repeat¬ 
ed spraying through an acid solution of 
mercurous nitrate, and then distilling in 
a current of air under reduced pressure. 

The apparatus used. Fig. i, is similar 
in principle to that first used by Fio. i 

Johnston,® and later modified by Smith 

and Menzies.* The isotenoscope is maintained at any desired temperature 
in a water bath contained within a large unsilvered Dewar fiask. The bath 

* Rex; Z. physik. Chem., 55 , 358 (1906). 

* Staedel: Ber., 15 , 2559 (1882). 

* Thorpe: J. Chem. Soc., 37 ,182 (1880). 

* "International Critical Tables,” 1, 179 (1926). 

* Sch^: Ara., 220, ^ (1883). 

* BrOhl: Ann., 203 ,10 (1880). 

' Loveless: Ind. Eng. Chem., 18 , 826 (1926). 

® Johnston: Z. physik. Chem., 62 , 333 (1908J. 

' Smith and Mensies: J. Am. Chem. Soc., 32 ,1412 (1910). 
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is electrically heated by means of a nichrome coil C, and the temperature is 
electrically controlled by tl^ thermo-regulator B; adequate stirring of the 
bath liquid is provided by the rotary stirrer A. Below 6o° the maximum 
variation did not exceed ±0.01°; at higher temperatures the variation never 
exceeded ±0.02°. In this way it is possible to keep the temperature con¬ 
stant until vapor pressure equilibrium is established. 



For temperatures below 0° the isotenosoope is placed in a second Dewar 
flask containing alcohol. This is then suspended in the larger flask which 
contains a small quantity of liquid air, and by varying the height of the 
inner flask above the liquid air the rate of cooling of the alcohol bath is quite 
eaealy controlled. After the necessary low temperature is reached the bath 
is allowed to warm and readings are taken at intend of a°. Owing to the 
small thermal leak the rise in temperature is quite slow. 

The 45 cc. bulb D which contains the liquid etiiylene chloride is 25 cm. 
in diameter; this gives a flat surface whieh eliminates the effects of capillarity. 
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Further, the vibration produced by the stirrer sufficiently agitates the surface 
of the liquid in D so that any error due to the presence of a perfectly quiet 
liquid surface is avoided. The bulbs E serve to prevent the liquid from 
being carried over with the vapor and to prevent the escape of mercury from 
F in case of bumping or sudden change in pressure. The isotenoscope is 
connected (G to gf) by a system of stopcocks with the closed manometer e, 
(Fig. 2), and with vacuum and pressure tanks, ss, each of about 20 1 . capacity. 
The mercury in both e and / was subjected to long continued boiling under a 
very high vacuum before sealing at i; the barometer thus created checked 
exactly the readings of atmospheric pressure read from a standard precision 
barometer. 

In making a determination the tube F was filled about three-fourths full 
of mercury and then heated under reduced pressure to drive out any dissolved 
gases. Next, the liquid ethylene chloride was introduced into D through H. 
Then with both arms of the isotenoscope attached to the vacuum line the 
liquid was gently boiled to remove the dissolved gases and to displace the air 
above the liquid. At the same time the glass tube above the liquid was 
heated to a much higher temperature to expel adsorbed gases and vapors. 
When about 5 or 6 cc. of the liquid had been boiled away the tube H was 
sealed and a vapor pressure reading was made at 0°. The tube H was then 
broken in vacuo, to prevent entrance of air into D, and about 5 cc. more of 
the liquid was removed by boiling as previously described. The tube H was 
again sealed and a second pressure reading was made at o®. This process of 
alternate evacuation and reading was repeated until consecutive readings at 
o® showed no further decrease in pressure, indicating that all of the air and 
other gases has been completely expelled. Four separate individual samples, 
each treated as described, gave an uncorrected minimum value of 21.1 mm.; 
this after the necessary corrections are applied gives the vapor pressure of 
the liquid at o®. 

When the liquid in the isotenoscope has attained temperature equilibrium 
at a given temperature, the pressure is roughly adjusted by stopcocks a and 
6 leading to the vacuum and pressure tanks, respectively; only the stoppers, 
BBy of these are indicated in the diagram. Tubes h and k are connected to the 
vacuum and compressed air lines, respectively; manometers m and n merely 
indicate the approximate vacuum and pressure. After the pressure has been 
so adjusted that the two mercury columns in F stand practically at the same 
level, the final equalization of pressure in F is accomplished by means of a 
leveling bulb d which is provided with a delicate screw adjustment. In this 
way we are able to obtain adjustments of pressure with a high degree of pre¬ 
cision. When the pressure is so adjusted that the mercury in both arms of F 
stands at exactly the same level, as observed by means of a cathetometer, the 
stopcock c is closed and the pressure is read directly from the difference in 
levels of the mercury in e and /. 

A cathetometer, readable by vernier to 0.05 mm., was used for reading 
pressures up to 500 mm.; higher pressure readings accurate to o.i mm. 
were read from a steel tape mounted between e and /. All pressures were 
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reduced to mma. of mercury at o“. Temperatures above 0“ were read from 
a standud normal thermometer graduated in 0.1° and standardized agsdnst 
a second thermometer recently standardized by the Bureau of Standards. 
A normal pentane thermometer graduated in 1° intervals was used without 
standardization for temperatures below 0°. 



Fio. 3 


Ezperimoital Results 

The vapor pressures which were obtained at intervals of approximately 
5® are recorded in columns 2 and 5 of Table I. The fact that all of the points 
fall very nearly on a smooth curve, Fig. 3, speaks for the accuracy obtained. 
In Table II are collected the values of the vapor pressure for rounded tem¬ 
peratures in s® intervals. These were read from a large scale plot. It has 
been found that the vapor pressures can be calculated very approximately 
by means of the equation: 

log p = 52.3092logT + 0.071S3T — 0.000041847T* -f 128.756. 
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For temperatures between —30° and 90** this equation gives pressures which 
are accurate to within 1 nun. The values thus calculated are given in col¬ 
umns 3 and 6 of each Table. 

In Fig. 3 are plotted also the values of log p against the reciprocals of the 
corresponding absolute temperatures. In general, the points fall on a smooth 
curve; the slight deviation from the straight line indicates that the heat of 
vaporization varies slightly with the temperature. 

♦ 

Table I 

Observed Vapor Pressures of Ethylene Chloride between —30° and 100®. 



JL 

(4.) 

t°C 

oL 

(^.) 

-30.82 

3.2 mm. 

2.6 mm. 

39-79 

153.2 mm. 

153.9 mm. 

-24.92 

4.6 

41 

45-13 

191.6 

192.2 

-19.32 

6.6 

6.1 

50.12* 

234-8 

234.8 

-15.02 

8.2 

8.1 

55-22 

285.0 

286.1 

—10.42 

II .6 

II .0 

60.28 

344-8 

344-8 

~ 5-12 

159 

iS -4 

65.27 

412.8 

412.2 

+ 0.07* 

21.0 

21.0 

70.27 

490.9 

489.4 

5 09 

28.2 

26.9 

75-36* 

579-2 

S 79 -I 

10.07 

36-7 

36.6 

80.43 

682.9 

680.6 

1552 

49.1 

49.2 

85-45 

794.6 

793-7 

20.21 

62.1 

62.4 

91-03* 

934-6 

934-4 

25-25* 

79.8 

79.8 

96.03 

1095.6 

1075-9 

30 23 

100.9 

100.7 

99.40 

1208.6 

1178.8 

35-24 

126.3 

126.3 





* Data used in deriving equation. 


Table II 

Vapor Pressures of Ethylene Chloride at Round Temperatures 



P 

curve 

P 

(Eq.) 


p 

curve 

(S^-) 

-30 

3.2 mm. 

2.6 mm. 

40 

155.8 mm. 

155.3 min- 

-25 

4-5 

4-1 

45 

191.6 

191-3 

— 20 

6.0 

5-8 

50 

233-3 

233-6 

-15 

8.3 

8.1 

55 

282.9 

283-3 

—10 

11-5 

11-3 

60 

341-8 

341-5 

- 5 

15-7 

15-4 

65 

408.7 

408.4 

0 

21.0 

20.9 

70 

485-4 

484-9 

S 

28.1 

27.9 

75 

572.9 

572-4 

10 

36.8 

36.8 

80 

673-8 

671.6 

15 

47-9 

47-9 

85 

784-5 

783-5 

20 

61.6 

61.7 

90 

907-5 

907.1 

25 

78.9 

78.9 

95 

1059.0 

1045-2 

30 

100 .1 

99-7 

100 

1231.0 

1200.3 

35 

125-4 

125.0 






878 


J. K. PEABCE AND PAXHi B. PBTBR8 


A careful interpolation of the large scale ptot of the vapor pressure-tem¬ 
perature curve shows tiie normal boilmg point of ethylene chloride to be 84.1°. 
The molal heat of vaporization of ethylene chloride at its boiling point as 
calculated by the Clapeyron equation, 

dp _ AH 
dT T(V-v) ’ 

is 7745 cals. 

Using this value for the heat of vaporization we find the molal entropy 
of vaporization, AH/Tb, at the boiling point to be 21.68 cals. This is in 
close agreement with the values calculated by means of the two equations 
proposed by Nemst,* viz., 

AH/Tb = S.slogTb = 21.70 cals., and 
AH/Tb = p.slogTb — 0.007 Tb = 21.7s cais. 
Employing the formula of Bingham,^ we obtain 

AH/Tb = 17 + o.oii Tb = 20.93 cals., while that obtained in applying 
de Forcrand’s equation* is 

AH/Tb = lo.i log Tb — 1.5 — 0.009 T -F 0.0000026 T* = 21.40 cals. 
The ratio of the absolute boiling points for vapor pressures of 760 mm. and 
200 mm., respectively, is 1.119. This value is almost identically the same 
as that obtained by Ramsay and Young* for normal liquids. 

Prud’homme* connects the freezing point, the boiling point and the critical 
temperature of a liquid in the form of the expression, 

T, (To - T,)_ 

Tb(To-Tb) 

The value of Tf as given in the International Critical Tables is—35.3“. Using 
this value and the value of Tb obtained above, viz., 84.1®, the critical tem¬ 
perature of ethylene chloride is calculated to be 32i.9°C. This value differs 
considerably from the somewhat questionable value of 283® as determined 

by Pawlewski.* „ 

Summary 

The vapor pressure of ethylene chloride has been determined for tem¬ 
peratures between —30® and 100®. Between 243®K and 363®K the vapor 
pressure may be calculated by means of the equation. 


logp = - 


4481.12 


52.3092 log T +0.07153 T — 0.0000418471^+ 128.756. 


The normal boiling point of ethylene chloride at 760 mm. has been found 
to be 84.1®; the critical temperature is calculated to be 321.9®. 

The molal heat of vaporization of ethylene chloride at its boiling point 
is 7745 cals.; its molal entropy of vaporization is 21.68 cals. 

Physical Chemistry Laboratory, 

The State Univerdty of Iowa» 


^ Nemet: GCttinger Naohr; (1906). 

* Bix^ham: J. Am. Chem. Sac., 28 , 723 (ick)6). 

* de Forcrand: Compt. rend., 156 ,1439, iim)- , 

* Ramsay and Young: Z. physik. Chem., 1, 249 (1887). 

»Prud'homme: J. Chim. phys., 18 , 359 U9S0). 

•Pawlewski; Ber., 16 , 2633 (1883); see l^dolt, Bdmstam and Roth: ‘Tabellen/’ 4, 
441 (1912). 



STUDIES ON GLASS 

III. The Dielectric Constants of Glassy and Liquid Glucose 


BY FRANCIS R. CATTOIR AND GEORGS S. PARKS 

In the preceding paper of this series' the preparation of glucose glass was 
described and some data were presented regarding the heat capacities, co¬ 
efficients of thermal expansion and refractive indices of glassy and liquid 
glucose. In the present investigation, which is essentially a continuation of 
that study, we have measured the dielectric constants of glucose in the glassy 
and liquid states over a temperature range of more than 200°. 

Method and Experimental Results 

An electrical resonance method was used for the determination of the 
dielectric constants. As it was substantially similar to that described by 
Jackson and others,* we shall forego a detailed description in the present 
paper. Two looo-kilocycle vacuum-tube oscillators were employed. Circuit 
I was a Hartley oscillator, which contained in addition to an electron tube 
and suitable inductance a pair of variable condensers, Ci and C2, and the 
dielectric cell, all three capacities being connected in parallel. The frequency 
of this circuit could be changed and controlled at will by adjustment of these 
capacities. C'ircuit II was essentially the familiar Ultraudion. At the start 
of the investigation it was adjusted to a frequency of 10* cycles per second 
and then maintained constant, thus serving as a means whereby the fre¬ 
quency of oscillation of Circuit I was brought to this standard value. The 
heterodyne notes set up between these two oscillating circuits were received 
thru a pair of telephone receivers connected to circuit II by means of an audio 
transformer. The experimental procedure was then to adjust one of the 
variable condensers in the Hartley circuit until this beat note fell to zero. 

The dielectric cell consisted of two coaxial copper cylinders, resting ver¬ 
tically in a large Pyrex test-tube. This test-tube was fitted with a rubber 
stopper thru which the wire connections were led out by means of two small 
glass tubes. The outer copper cylinder had an internal diameter of 2.1 cm. 
and the inner cylinder had an outside diameter of 1.6 cm.; they were both 
4.5 cm. in length. The relative positions of these two cylinders were main¬ 
tained by three small, tightly-fitting glass rods placed in the space between 
them. This dielectric cell was then introduced into a 3-liter Dewar jar, 
equipped with an outer metal jacket which was grounded. The jar was filled 
with transformer oil for measurements above o°C. and with kerosene cooled 

' Parks, Huffman and Cattoir: J. Phys. Chem., 32 , 1366 (1928). 

* Jackson; PhO. Mag., 43 , 481 (1922). See also Hyslop and Carman; Phys. Rev., IS, 
243 (1920); \l^iams and Krohma; J. Am. Chem. Soc., 48 , t888 (1926); and Matsuike; 
Smenoe Reports, Tohoku University, 14 ,445 (1925). 
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with solid carbon dioxide for wOTk below this temperature. Equipped witii a 
stirrer, thermometer, and electrical heating coil, it served splendidly as a 
small, adjustable thermostat. 

Before any measurements were made on the glucose, the apparatus was 
calibrated by the use of several liquids of known dielectric strength. These 
liquids and their dielectric constants are given in Table I. The procedure 
in the calibration was as follows. With air in the dielectric cell, condenser Ci 
was adjusted so that condenser Ca read near but not directly on the upper 
end of its scale with the beat note at zero. The dial of Ci was then fixed at 
this adjustment with a few drops of sealing wax, and benzene was placed in 



Fro I 

The solid line has been-obtained by plotting the datt. of Table II; 
the broken line represents the data of Table III. 

the cell. The reading of Ct was again noted with the beat note at zero. 
Readings of Cs were similarly made with the other liquids in the cell. The 
various dial readings for Ci were then plotted against the dielectric constants 
of the several liquids and a calibration curve (practically a straight line) was 
thus constructed for the apparatus. 


Table I 

Calibration Data* 


Substance 

Dielectric Constant at 25*’C. 

Air 

1.00 

Carbon tetrachloride 

2.23 

Chloroform 

S-o 

n-Propyl alcohol 

21.6 

Acetone 

21.2 

Etiiyl alcohol 

25.2 

Nitrobenzene 

36.0 


* These dielectric constants for the calibration substances were selected after a ctueful 
survey of the data in the Lsnd<dt-B6instdn “Tabelien" (1923 pp. 1035-1040) and in the 
recent papers, oi Matsuike (Science Reports, Tohdni University 14 , 451 (1925)) and of 
Krcfama and Wiliiams (J. Am. Chem. Soe. 49 ,2413 (1927)). 
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The dielectric cell was next filled with glucose glass. This was accom¬ 
plished by placing the cell in a paraflBin bath at i6o®C and pouring in enough 
liquid glucose to fill it to a depth of about s cm. The system was then cooled 
slowly down to room temperature in order to avoid the development of 
strains or fractures in the glucose glass thus formed. 

Two sets of measurements were made upon this sample. The results are 
recorded in Tables II and III and are represented graphically in the accom¬ 
panying figure. The data in Table II were obtained by starting at 2oo°K. 
and working upwards to progressively higher temperatures until 423®K. 
(i.e. i5o®C.) was attained. Above this latter temperature the electncal con¬ 
ductivity of the liquid glucose became appreciable and interfered with any 
further measurements. During the subsequent cooling of the liquid glucose 
to the glassy state the results in Table III were obtained. In this work tem¬ 
peratures below 2 7 o°K. were measured with a copper-constantan thermo¬ 
couple, accurate to db 0.5°, and temperatures above were determined by a 
calibrated mercury thermometer, graduated to o.i®. Considering the method 
and the character of the apparatus employed, we estimate the absolute error 
in the dielectric constants thus obtained to be less than 4%; altho the re¬ 
liability of the data for comparative purposes is greater than this figure 
might indicate, inasmuch as the various values were reproducible and con¬ 
sistent among themselves to within one to three-tenths of a unit. 

Table II 

Dielectric Constants of Glassy and Liquid Glucose 


(Temperatures increasing; frequency, 10® cycles per second.) 


Temp., 

Dielectric 

Temp., 

°K. 

Dielectric 

Temp., 

Dielectric 

Temp 

., Dielectric 


constant 

constant 

‘’K., 

constant 


, constant 

200.0 

3.8 

260.0 

4.6 

302.9 

6.3 

374 

I 23.7 

209.0 

3-9 

270.5 

4.7 

307 -9 

6.8 

382 

0 23.7 

220.0 

4.0 

279.1 

4.9 

322.5 

9 I 

393 

23.0 

225.0 

41 

284.1 

5 0 

3311 

II. 2 

408 

22.0 

232.0 

4.2 

289.9 

5-4 

342.2 

14.0 

413 

21.6 

243 0 

4.3 

294 -3 

54 

352.9 

18.0 

423 

21.0 

2530 

4.4 

299.0 

5-7 

362.8 

21.7 




Table III 

Dielectric Constants of Liquid and Glassy Glucose 


(Temperatures 

decreasing; frequency, 

10® cycles 

per second.) 

Temp., "K. 

Dielectric 

Temp., ®K. 

Dielectric 

Constant 

Constant 

369 -9 

23.8 

316.9 

8.0 

368.1 

23.8 

312.1 

7-5 

357-9 

21.S 

303 -3 

6.2 

343-7 

iS-S 

289.6 

5-2 

333-7 

12.3 
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Discttssbn 

The dielectric constants for glassy glucose were found to vary from 3.8 
to 5.4, depending upon the temperature. These values are similar in mag¬ 
nitude to those determined by other investigators for crystalline organic 
compounds, many inorganic glasses and the so-called non-polar liquids. Be¬ 
tween 293** and 3 io‘’K. the glucose glass softens and changes into a viscous 
liquid, while the dielectric constant begins to increase rapidly. The con¬ 
stant for the liquid glucose then continues to rise rapidly with increasing 
temperatures, reaching a maximum of 23.9 at 378®K. above which point there 
is a slow falling off to a value of 3i.o at 423®. Thus, within the temperature 
range thru which the material is a fairly mobile liquid, the value of the con¬ 
stant is comparable to that for other polar liquids, such as acetone and normal 
propyl alcohol, and is roughly four or five times that of the glassy glucose. 
Essentially similar data have been obtained by Fleming and Dewari in an 
earlier investigation of the dielectric constants of liquid and glassy glycerol. 

One other point is worthy of brief attention. As the curves in the figure 
clearly show, the results obtained within the temperature interval 325®- 
37S®K. were distinctly greater when the viscous liquid was coolmg down 
than when it was being heated to progressively higher temperatures. Just 
why this dielectric hysteresis effect should be obtained is not apparent. 
Within the same temperature range the power absorption for oscillation 
in Circuit I was appreciably greater than at either higher or lower tempera¬ 
tures; possibly the two phenomena are related. 

Department of Chemistry^ 

Stanford University^ Californiaf 

December 17 , 1928 , 

1 Fleming and Dewar: Proc. Roy. Soc., 61 , 324 (1897). 



THE SYNTHESIS OF AMMONIA IN THE GLOW DISCHARGE* 


BY A. KEITH BKEWER AND J. W. WESTHAVER 

The results obtained in a series of experiments on the synthesis of am¬ 
monia in glow or Geissler discharge tubes are presented in the present paper. 
While various phases of this general subject have been studied by a large 
number of investigators, a comprehensive understanding of the processes 
involved is still to be had. It is hoped that these experiments will contribute 
somewhat to our meagre knowledge of chemical action in electrical dis¬ 
charges. Special attention will be given to the yield obtainable as influenced 
by such factors as current, power, design and dimensions of the tube wherein 
the synthesis takes place, and the presence of magnetic and electrostatic 
fields. Also, some suggestions will be made relative to the mechanism of the 
reaction involved. 

Apparatus 

The arrangement of the apparatus used throughout these experiments is 
shown in Fig. i. The glass system was made entirely of Pyrex. The dis¬ 
charge tube A was so supported between the pole pieces of a powerful electro¬ 
magnet that it could be immersed in a Dewar flask containing liquid air. 
Arrangements were made to syphon in liquid air during the course of a run 
so that the level remained the same. A liquid-air trap at B separated the 
major part of the apparatus from the discharge tube; mercury vapor was thus 
kept out of the discharge. A three-liter flask was added to the system to 
make the pressure changes during the course of the reaction of convenient 
magnitude for the currents used; it also served to minimize any error that 
might come in from fluctuations in the discharge temperature and the ad¬ 
sorption of gases. The McLeod gauge used gave accurate relative pressure 
readings from 4,ootoo.oi mm.over a single scale; it was possible to take read¬ 
ings at 30-second intervals. A mercury trap separated the system from the 
pumps and gas supply reservoirs. The system was thus free from stopcocks 
and could be highly evacuated. 

The discharge tubes used were of two general types, one in which a portion 
of the positive column was immersed in liquid air, and the other in which the 
entire tube including the electrodes was immersed; the two types are illus¬ 
trated in Fig. I. The electrodes were made of aluminum rods or discs clamped 
to tungsten leads. The exposed tungsten was glass-covered to prevent sput¬ 
tering, When only the positive column was immersed, tungsten exploring 
electrodes were sealed into the tube at the liquid air leyel. The potential 
drop through the region of the discharge in which the ammonia was being 
frozen out was measured by an electrostatic volt meter connected to the 
exploring electrodes. When the entire tube was immersed, the voltmeter 
was connected directly to the discharge electrodes. 

* Fertilizer and Fixed Nitrogen Investigations, Bureau of Chemistry and Soils, U.S. 
Department of Agriculture. 
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Most of the results described here were obtained using a i k.w. 20,000 
volt transformer for the current supply. The currents through the discharge 
tube were measured either with an A.C. milliammeter or a vacuum thermo¬ 
couple and galvanometer. The discharge current was controlled by rheostats 
in the primary circuit of the transformer. For the D.C. work, the transformer 
was replaced by a 10,000 volt rotary converter. The electro-magnet as used 
gave a field strength up to about t,ooo Gauss. 


c 



Method of Procedure 

The rate of s3mthesis of ammonia was determined by measuring the 
change in pressure of the 3 :i mixture at regular intervals when a constant 
current was flowing through the discharge tube immersed in liquid air. The 
ammonia was frozen out on the walls of the discharge tube as fast as formed 
so there was no delay in obtaining pressure equilibrium. 

In order to obtain significant results, it was necessary to have an accurate 
3:1 mixture of pure hydrogen and nitrogen. Deviations from this ratio re¬ 
tarded the reaction due to the accumulation of the excess gas in the discharge 
tube. The desired mixture was obtained by decomposing pure ammonia in 
the system by means of an electrical discharge. A highly evacuated balloon 
flask was filled from a tank containing liquid ammonia to which potassium 
had been added. From this flask it was passed into a liquid air trap con¬ 
nected wirii the pumps, where it was frozen out and any excess gas pumped 
off. A portion of this ammonia was distilled into the system and again 
frozen out in the trap at B. It was then allowed to evaporate tiuough a 
discharge between C and A. Hie gas entering the 3-Uter reservoir was thus 
almost completely decomposed. The liquid air was again placed on trap B 
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to prevent any trace of undecomposed ammonia or mercury vapor from enter¬ 
ing the discharge tube while the run was in progress. 

After filling the system with the pure 3 :i mixture, the discharge tube was 
immersed in liquid air to the proper level and the current through the dis¬ 
charge tube quickly brought to the desired value. Both the current and 
the liquid air level were maintained constant during the course of the run. 
Pressure readings were taken on the McLeod gauge at intervals of one min¬ 
ute; the voltages were also recorded. 

As a check on the 3-1 mixture, some runs were continued as long as a dis¬ 
charge could be passed through the tube, and showed as high as a 98% syn¬ 
thesis. Ordinarily a nin was continued only so long as a steady discharge 
could be maintained. 

At the end of the run the ammonia was again allowed to evaporate 
through a discharge from C to A, decomposing it into the original 3-1 mixture. 
The same gas, therefore, could be used for a large number of runs. To prevent 
the accumulation of any impurity, the system was highly exhausted at the 
end of each day, and baked out before refilling with fresh ammonia. 

Results 

These experiments were carried out with a number of discharge tubes 
which differed widely in their shape and dimensions. In some cases the 
ammonia was synthesized only in a part of the positive column, in others 
the entire discharge tube was immersed in liquid air, again just one electrode 
and a portion of the adjacent positive column were immersed, and a D.C. 
current passed through the tube. The character of the discharge was also 
changed by the presence of powerful magnetic fields, either parallel or per¬ 
pendicular to the direction of motion of the electrons, and by electrostatic 
fields placed at right angles to the electron stream. In all these experiments 
the results obtained were strikingly similar in character and extremely simple 
in nature. 

The summarized results of every experiment may be stated as follows: 
The rate of synthesis of ammonia for a given discharge tube and magrietic field 
strength is proportional to the current passing through the dischargey and remains 
constant so long as the current is kept constant This may be expressed as 

dP/dt = ocl 

where dP/dt is the rate of formation of ammonia, I is the current, and ^ is 
a constant depending upon the size and shape of the tube, and the direction 
and intensity of the magnetic field when it is applied. It will be seen later 
that for a particular tube « is independent of the pressure and potential 
gradient in the discharge. 

Under all conditions in which some accidental disturbance did not enter, 
a straight line was obtained when the pressure was plotted against time, the 
slope of this line being proportional to the current passing through the tube. 
For this reason representative data only will be presented here to show some 
of the factors influencing « and to illustrate certain characteristics of the 
discharge. 
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The dependence of the rate of synthesis of ammonia on the current passing 
through the discharge is shown in Mg. 4. The data obtained with a U-shaped 
discharge tube are plotted in Fig. 2, The lines for different currents are 
offset one minute in time to prevent congestion in plotting. 

It will be noted that between 4 mm. and i mm. pressure, aU points fall 
on straight lines to within the limits of experimental error. Hie wid^ devia¬ 
tion is in line 9, where the current was 10 milliamps, the smallest current that 
could be read on the milliameter, and hence the per cent experimental error 
for this run was high. 



Results, equally as good as those illustrated, were obtained with every 
tube used. Line 6 of Fig. 3 was picked at random from the data obtained with 
a long, spiral tube, of small bore, in which the pressure range from 0.7 mm. 
to 0.05 mm. was investigated. It will be seen t^t the straight line relation¬ 
ship between pressure and time still bolds to a high degree of accuracy. 

T.mft 3 of Fig. 3 represents corresponding data taken with the bulb illus¬ 
trated in Fig. I. Line i of Fig. 3 shows an extension of a line similar to 3. 
This run was started with a current of 40 m.a. A departure from the straight 
line relationship began in this particlulax run at about 0.85 mm. and at 0.63 
mm. represented by the point A, no further clean-up was detectable. The 
current was then reduced to 15 m.a., and a clean-up to 0.3 mm. was obtained. 
When the current was again raised to 40 m.a., the pressure immediately 
rose to its former value. This phenomenon is obviously due to an equilibrium 
between the rate of synthesis of ammonia and the rate of the decomposition 
of the solid ammonia on the walls of the tube. Such a decomposition is prob¬ 
ably due to the bombardment of liie walls with high speed electrons and 
positive ions which becomes pronoimced at low prowures and high current 
densities. For this reason it will be seen in Fig. a that line 8 is extended to a 
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considerably lower pressure than is line i. Further illustrations of the removal 
of ammonia from the walls will be given when the effects of magnetic fields 
are discussed. It is clearly evident that the departure from the straight line 
relationship between pressure and time observed at the lower pressures, in no 
way disproves the fact that the rate of synthesis is constant for a constant 
discharge current. 

The proportionality between current and rate is illustrated in Fig. 4. 
The rates as given by the slopes of the lines in Fig. 2 are represented in line 2. 
Line i represents similar data taken with a double U tube with the same bore 



but about twice the length. Line 4 represents corresponding data taken 
with the bulb. 

It will be seen that the rate of synthesis is proportional to the current 
within the limits of experimental error. 

A strong magnetic field had a pronounced two-fold effect on the character 
of the discharge; it caused the glow to be concentrated in definite sheets 
or bands, and when the field was at right angles to the original path of the 
electron, it materially varied the potential necessary to maintain the dis¬ 
charge. In the case of the U-tube, the glow, rather than being, most intense 
in the center of the tube, was confined to two narrow bands one on either side 
of the tube farthest removed from the pole pieces. For the bulb, when the 
field was parallel to the plane of the electrodes, the glow, rather than filling 
the entire tube, was confined in a single ion sheet, about the width of the 
electrodes which passed through the electrodes to the walls. When the field 
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was at right angles to the plane of the electrodes, two sheets were formed, 
one passing through either electrode parallel to the field. 

The effects of the magnetic field on the rate of synthesis are illustrated 
in Fig. 3 and Fig. 4, and are summarized in Table i. 

Line 5 of Fig. 3 shows the results of a field of approximately 1000 gauss 
at right angles to the axis of the tube. The first and last parts of the line 
are in the absence of the field while the center part is with the field on. It 



will be seen that for the same current passing through the tube the rate of 
synthesis, for the field strength used, was increased from 0.087 to 0.377 
per minute; the potential drop between the exploring electrodes was raised 
from 3200 to 4400 volts. 

The effect of a magnetic field on the rate of S3mthe8is in the bulb is illus¬ 
trated by lines 2, 3 and 4 of Fig. 3. Line 3 is for no field, line 2 shows the 
field parallel to the plane of the electrodes, hence parallel to the direction of 
propagation of the electrons, and line 4 shows the effect of the field at right 
angles to the plane of the electrodes. It will be noted that the parallel field 
gave no effect whatsoever on tiie rate of sjmthesis, vnhile the perpendicular 
field materially enhanced the rate. 
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Variations in the magnetic field strength gave the expected results on the 
rate of synthesis, in that a point could be reached beyond which a further in¬ 
crease in the field produced little increase in the rate. 

The removal of ammonia from the walls was clearly illustrated with the 
magnetic fields. In the case of the bulb at pressures down to about 1.5 mm. 
the ammonia was found to be evenly distributed over the sides of the tube. 
As the pressure decreased, however, the film began to disappear where the 
ion sheets intersected the walls. At pressures of 0.5 rnm., the ammonia was 
completely removed from these junctures, leaving a sharply defined image 
of the electrodes on the tube walls. While this removal of ammonia due to 
high speed electron bombardment probably took place to some extent in all 
the discharge tubes it was inappreciable at the pressures for which the reaction 
rates were calculated. 

In determining the effect of electrostatic fields on the rate of synthesis, 
the positive column of the U tube was placed between the plates of a con¬ 
denser and a potential gradient established through the tube perpendicular 
to the direction of the electrons. A D.C\ potential of 4000 volts and an A.C. 
potential of about 15,000 volts were used. No effect was observed with the 
D.C\, but the A.(\ may have shown a slight decrease in rate. This increase, 
however, was too small to be at all certain. The only observable effect was 
a slight broadening of the luminous core of the discharge. 

The effect of the length of the positive column immersed in liquid air on 
the rate of ammonia synthesis per unit of current is shown in Fig. 4. Lines 
I and 2 represent data taken with I'-shaped tubes of similar bore but differing 
in the length of the positive column. It will be seen that the longer the 
positive column immersed the greater the rate of synthesis for a given cur¬ 
rent. In the short tube 2.06 molecules of ammonia were formed for each 
electron passing through the tube, while the corresponding value for the 
longer tube was 3.65. A count of the number of striations in the two tubes 
showed the ratio of molecules of ammonia formed per electron in the respective 
tubes was also the ratio of the number of positive ions formed. The power 
efficiency for the two tubes was the same. 

In the expression dP/dt = «I, the yield of ammonia for a given tube and 
applied magnetic field depends only on the current. The relationship between 
power and yield is far more complex. Since the current is maintained con¬ 
stant during each run, the power input must vary as the voltage. The voltage 
in turn is a function of the pressure. 

The effect of pressure on the voltage and likewise on the power input is 
shown in Fig. 5. 

The power in all cases was taken to be the product of current and potential 
drop. No allowance was made for the phase relationship between current 
and voltage. Root mean square currents, and voltages as given by an elec¬ 
trostatic voltmeter were used in the power calculations. 

It will be seen that curve 3 for the bulb is entirely different from curves 
I and 2 for the long tubes. This is due to the fact that 3 represents the voltage 
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characteristics for the entire tube, while i and a represent only the potential 
drop between the exploring electrodes in the positive column. 

In Table I are summarized the data obtained from the different tubes. 
The efficiency is given in terms of current, i.e., molecules formed per electron 
passing through the tube, and in terms of power, i.e., watts necessary to 
produce a unit rate of sjmthesis at 3 mm. pressure. 



Table I 



Magnetic 

I^eld 

Average 

Voltage 

Hate in 
mm. per 

NHg mole¬ 
cules per 

Grams 

per 

Lenph 

Bore 

of 



at 3 mm. 

min. per 

electron 

kwh. 

tube im¬ 

Tube 




m.a. 

of 


mersed 

(mm) 





current 


(cm.) 

Double U 

H = 0 

4,500 

.0207 

3.66 

2.00 

66 

10 

Single U 

H = 0 

2,500 

.0116 

2.06 

2.00 

32 

10 

Single U 

H xtoE 

4,400 

.0330 

6-75 

3-38 

32 

10 

Bulb 

H j. toE 

435 

.00614 

1.08 

6.2 

9 

40 

Bulb 

H 11 toE 
and H = 0 

264 

.00360 

0.634 

6.03 

9 

40 

Short Spiral 

H - 0 

2,900 

.0X12 

1.98 

1.69 

40 

4.5 

Long Spiral 

H - 0 

5,400 

.0200 

3-53 

t.63 

75 

4.5 
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The data show that while the current efficiency for the bulb is lower than 
for the U tube the power efficiency is much higher. From the voltage char¬ 
acteristics, it is evident that the pressure of 3 mm., for which the powers were 
calculated, was much nearer the pressure for maximum efficiency for the bulb 
than for the U tube. This will in part account for the fact that about 3 
times more power per unit rate was consumed for the U tube than for the 
bulb. Nevertheless, it is evident that the power efficiency increases with the 
bore of the tube. 

The effect of the magnetic field on the current and power efficiencies is 
given in Table I. In the case of the bulb, the power efficiency, within the 
limits of experimental error, was independent of the presence and direction 
of the magnetic field. The current efficiency, however, was materially 
higher when the magnetic field was at right angles to the plane of the elec¬ 
trodes, and was unaffected by a parallel field. The U-tube showed an en¬ 
hanced yield in the presence of the field, the current efficiency being raised 
from 2.06 to 6.75 molecules of ammonia per electron, and the wattage per 
unit rate of ammonia synthesized being lowered from 200 to 130. 

A Probable Mechanism 

The glow discharge tube offers a fertile field for a study of the elementary 
units initiating chemical action, since within the discharge are to be found 
electrons, positive ions, neutral ions, and excited molecules. Each of these 
has been suggested by different investigators as the elementary reacting 
units. While the theory of the discharge tube is not sufficiently worked out 
to enable a complete mechanism to be presented at this time, nevertheless, 
the extreme simplicity of the results obtained in these researches makes it 
possible to offer some highly probable suggestions regarding the nature of 
the reaction. 

The general theory of the discharge tube has been discussed recently 
by Sir J. J. Thomson,^ by Townsend,^ and by Langmuir,’ but is still far from 
complete. 

It is well at this time to mention certain facts regarding discharge tubes 
which will aid in an understanding of the data obtained. The electric current 
through such a tube is carried by electrons and positive ions, negative ions 
seldom existing in any appreciable quantity. The amount of current at¬ 
tributed to each of the carriers is in proportion to their relative mobilities. 
In the present experiments, therefore, a large percentage of the current is 
carried by the electrons, a small amount by the hydrogen ions, and very little 
by the nitrogen ions. In the positive column, where the potential gradient 
is practically uniform, a state of equilibrium exists between the electrons and 
positive ions. Here the positive ions are formed by collisions of electrons 
with neutral molecules at the same rate that they disappear by recombination 

^ Phil. Mag., 48 , i (1924). 

* Townsend: ^‘Electricity in Gases.’’ 

* Langmuir: Gen. Elec. Rev., 27 (1924). 
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in the discharge tod on the negatively charged walls of the tube. The dis¬ 
charge itself is most intense in the center of the tube. The number of positive 
ions and electrons per unit volume in the positive column is practically the 
same except in the negative sheath near the walls of the tube. An upper 
limit for the number of positive ions formed by a single electrbn in passing 
through the positive column can be had by dividing the potential difference 
between the two ends of the column by the ionization potential of the gas, 
but the value thus obtained is extremely high. Possibly a better approxi¬ 
mation of the number can be obtained by dividing the potential difference, 
not by the ionization potential, but by the potential for optimum ionization, 
which for nitrogen at i mm. pressure, is 100.8 volts and for hydrogen 73.5 
volts.^ 

The concentration of excited molecules in a glow discharge depends ma¬ 
terially on the character of the discharge, and on the pressure of the gas, 
in general reaching a maximum at about 2 mm. pressure. On the other hand, 
few, if any, neutral atoms are to be found at the high pressures, the concen¬ 
tration being a maximum in the case of H2 at about 0.5 mm. pressure. 

The effect of a magnetic field upon excited molecules and atoms is so slight 
that it may be neglected. Electrons, on the other hand, show a very marked 
effect, exhibiting a tendency to follow the magnetic lines of force, i.e., an 
electron moving in the direction of the field is unaffected, but an electron 
moving at right angles to the field is deflected as depicted by the left hand 
rule. Positive ions are likewise deflected by magnetic fields but to a very 
much smaller extent. The effect of a magnetic field perpendicular to the 
direction of the electric field is to deflect the electrons to the side thus con¬ 
centrating them near the walls of the tube rather than at the center. The 
mean free path of the electron in the direction of the electric field is thus 
materially shortened. The space charge set up in the tube by the deflected 
electrons causes the positive ions to be likewise pulled to the walls. The 
resultant effect of the magnetic field is, therefore, to markedly increase the 
number of electrons and positive ions per unit length of the positive column, 
and to shift the region of maximum concentration from the center towards 
the walls of the tube. 

In viewing the data presented in these experiments, wherein the rate of 
synthesis for a given tube is dependent only on the current and is completely 
independent of the pressure, it seems most probable that the initial reactants 
must be positive ions rather than atoms or excited molecules formed directly 
in the discharge. Had the reaction been due to excited molecules, the rate 
should have decreased rapidly with decreasing pressure. On the other hand, 
had the reaction been due to atoms, the rate should have increased with de¬ 
creasing pressure, becoming a maximum at a little less than 0.5 mm. 

The fact that the initial reactants are ions is again shown in a very con¬ 
clusive manner by the action of the magnetic field. In the bulb, the field 

^ Hughes and Klein: Phys. Rev., ( 2 ) 23 , 450 (1924); Compton and van Voorhis: 27 , 
724 (1926). 
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parallel to the plane of the electrodes completely eliminated the general glow 
throughout the tube but had no effect on the current nor on the rate of 
synthesis. The field perpendicular to the plane of the electrodes, while 
again eliminating the general glow, increased the number of electrons and 
positive ions in the tube and likewise increased the rate of reaction. 

The conclusion that the reaction is initiated by ions and not by excited 
molecules or atoms, is in complete agreement with the data obtained by 
Kunsman^ and by Storch and Olsen^ who observed no evidence of ammonia 
formation when a mixture of nitrogen and hydrogen was bombarded with 
electrons until the energy of the electrons reached the ionization potential of 
the gas. Bernard Lewis® is of a contrary opinion, concluding that the initial 
reactants are neutral atoms of both nitrogen and hydrogen. In his experi¬ 
ments he was able to detect ammonia when hydrogen from a Woods tube 
was mixed with nitrogen from an electrodeless discharge tube. Since the life 
of an ion in either nitrogen or hydrogen is such that the gases may be drawn 
through many feet of glass tubing before the ions become neutralized, the 
ammonia formed in his experiments may have resulted from ions entering 
the reaction chamber from the discharge tubes. 

If the initial process in the synthesis of ammonia is the formation of 
positive ions in the discharge, two possibilities exist as to the final step in the 
reaction. may be formed in the gas phase and the neutralization take 

place on the negatively charged walls of the tube, or the reaction may be 
independent of the walls, the formation of NH3 neutral taking place in the 
gas phase. 

A special bulb was constructed to test this point; one electrode was an 
enclosed aluminum cylinder tightly fitted into a glass bulb, and the other 
was a small aluminum rod supported in the center of the cylinder by a Pyrex 
covered tungsten rod entering through a small opening in the top. 

With such a tube operated on D.C., it is possible to answer the above 
question. If NH+3 is the final gas phase product, neutralization taking place 
on the walls, the rate of synthesis will be practically zero when the outer 
electrode is positive and rapid when negative. On the other hand, if the 
formation of ammonia around a N"^2 ion, say, goes to completion in the gas 
phase, a lower yield will be expected when the outer electrode is negative, 
since the larger surface and lower space charge will increase the possibility 
for removal of positive ions before they have had the chance to react. 

The results obtained with the cylindrical electrode tube are shown in 
Table II. 

From the data it will be seen that the rate of synthesis was exceedingly 
slow when the outer electrode was negative. A positive potential, however, 
increased the current efficiency some 600%, and the power efficiency about 
30%. The intermediate values obtained with the A.C. current indicate that 

^ Phys. Rev., (2), 31 , 307 (1928); J. Chem. Education, (in press). 

* J. Am. Chem. Soc., 45 , 1605 (1923). 

< J. Am. Chem. Soc., 50 , 27 (1928). 
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Table II 

Aluminum Cylinder— Current * 40 m.a. 

Pressure = 3 mm. 


Polarity 

Magnetic 

Field 

Voltage 

Rate 

Mol. per 

Grams 

of 

Cylinder 

at 3 mm. 

mm . per 
min. 

electron 

per 

kwh. 

— 

0 

8s 

.021 

•093 

2.71 

+ 

0 

425 

.136 

•596 

3-52 


on 

17s 

.036 

•IS 9 

2,27 

+ 

on 

38s 

.123 

• 544 

3 -S 2 

A.C. 

0 

210 

.058 

.256 

3 03 


an appreciable s3mthesis took place only on the half cycle, in which the outer 
electrode was positive. These facts show in a most conclusive manner that 
NHj neutral, and not NH+«, is the final gas phase product. 

The low current efficiency obtained with the outer electrode negative 
indicates that any t}^ of discharge tube which facilitates the escape of 
positive ions to the walls, thus decreasing the active ingredient in the gas, 
decreases the rate of reaction. The concentration of the discharge by the 
magnetic field, therefore, would be expected to increase the current efficiency. 

The results tabulated in Tables I and II furnish a comparison of the 
current and power efficiencies. If, as the data indicate, the formation of 
N+2 or H+2 is the initial step in the reaction, the significance of these two 
efficiencies at once becomes evident. The current efficiency is dependent on 
two things, the number of positive ions formed by each electron in passing 
through the tube, and the ratio of the number of positive ions reacting to 
form ammonia to those becoming neutralized without initiating chemical 
action. The power efficiency, on the other hand, is determined by the watts 
required to maintain a unit rate of synthesis, or the voltage necessary to 
maintain such a current through the discharge that the resulting effective 
positive ion concentration yields a unit of ammonia synthesized per unit time. 

The fact that the formation of ammonia is a gas phase reaction introduces 
the possibility that an appreciable decomposition of the ammonia thus formed 
will take place before it has a chance to freeze out on the walls. The pro¬ 
portionality between current and rate shows such a decomposition to be 
extremely small. On the basis of probability, the quantity of ammonia de¬ 
composed, per unit time per unit volume of the gas phase, is a function of the 
product of the concentration of ammonia and of the concentration of electrons 
having a velocity component sufficient to decompose the ammonia; a two-fold 
increase in current, therefore, will give as a minimum a four-fold increase 
in the amount of ammonia decomposed. Since the observed rate of formation 
was found to be proportional to the current, it follows that the gas phase 
decomposition at liquid air temperatures is neg^gible. Hiis is to be ezpedted 
for these low concentrations, when one considers the possibility of a collision 
between an ammonia molecule and a hi^ speed electron. 




SYNTHESIS OF AMMONIA IN THE GLOW DISCHARGE 


89s 


The fact that a straight line relationship exists between time and rate 
of synthesis for any given ionization current is of fundamental importance 
in the consideration of the mechanism involved. Since the rate of formation 
is completely independent of pressure even under the most widely varyii^ 
conditions, it must be concluded, on the basis of probability, that the observed 
rate of synthesis is not the result of any complex system of formation and 
dissociation, but must be due to one single mechanism of synthesis operative 
under all conditions. The chance is exceedingly small indeed that any 
equilibrium ratio between different mechanisms for S3mthesis and decom¬ 
position could be the same for all current densities, diameters of discharge 
tubes, pressures and temperatures of the discharge,‘ positions in the discharge 
wherein synthesis takes place, and for the different magnetic and electro¬ 
static fields. 

From the above considerations, as well as those preceding the obvious 
conclusion to be drawn is that chemical action is initiated by positive ions 
formed in the discharge, and that the rate of synthesis is proportional to the 
rate of fomjation of positive ions, which, in turn, is proportional to the current. 
It is possible, therefore, that this represents a chemical equivalence law for 
discharge tubes which is analogous to Faraday’s law for electrolytes. 

The writers wish to express their appreciation to Dr. R. W. Harkness 
and to Mr. Leonardo Testa, glassblower, for the valuable suggestions and 
as-sistance so cheerfully given. 

Summary 

The synthesis of ammonia in the glow discharge has been investigated 
from 4 mm. to o.i mm. pressure of a 3-1 mixture of hydrogen and nitrogen. 
For any particular discharge tube the rate of synthesis is proportional to the 
current passing through the discharge and is independent of the pressure and 
potential gradient. The rate of synthesis per unit of current and per unit 
of power is discussed for discharge tubes of various types. The current 
efficiency varies directly with the length of column immersed and the power 
efficiency increases with the bore of the tube. The presence of a magnetic 
field at right angles to the electric field materially increases the rate of syn¬ 
thesis while a parallel field has no effect. The synthesis is shown to be a 
pure gas reaction. The data is interpreted as indicating that the reaction 
is initiated by the positive ions formed in the discharge, the rate of synthesis 
being proportional to the rate of formation of ions present, hence to the 
current. A new electrochemical equivalence law for discharge tubes is sug¬ 
gested. 

‘ The effective temperatiue of the gas in the dische^ and of the electrodes varies con¬ 
siderably with the design of the tube, the current density and the gas pressure even though 
the walls of the tube may remain at liquid air temperatures. 
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The volume which results from mixiD^ two components is equal to the 
sum of the volumes of the components only in the case of ideal solutions. 
Sometimes the volume after mixing is larger and sometimes smaller than 
the sum and in a few cases the total volume is less than that of the solvent. 
The latter is the case when 4 grams of sodium hydroxide are dissolved in 96 
grams of water at 0°. The total volume of ilie solution is 95.4 cc.' 

Bancroft has suggested that the volume occupied by the solvent in the 
solution may be calculated by use of the formula 

RT, 

PVg = — Inpo/pi 

in which P is the osmotic pressure of the solution, Vg the volume occupied by 
one gram of the solvent in the solution, R the usual gas constant, T the 
absolute temperature, M2 the molecular weight of the solvent in the vapor 
phase, po the vapor pressure of the pure solvent and pi the partial pressure 
of the solvent over the solution. 

Thus every term is either known or can be experimentally determined 
except Vg. Using this formula and the data for the osmotic pressures and 
vapor pressures of sucrose solutions, Bancroft and Davis^ made calculations 
for the volxune occupied by one gram of water in solution as well as for the 
density of the dissolved sugar. In this case the osmotic and vapor pressures 
have been painstakingly determined but the change in volume on mixing is 
not large enough to make the calculations exceedingly striking. 

It is desirable then to find, if possible, components which mixed give 
marked volume changes and to measure the osmotic and vapor pressures of 
these solutions. Since vapor pressures can be determined for almost any 
solution whereas osmotic pressure cannot be, the point of attack is through 
measurements of the latter. 

In measiirements of osmotic pressures the question of the membrane is 
first to be considered. Copper ferrocyanide membranes have been the 
favorites throughout the years and much can be said in their favor. The 
disadvantages lie in the diflficulties which have to be met in preparing really 
good membranes and in the fact that they are suitable for measuring the 
osmotic pressures of only a few solutions in water,—sucrose, glucose, calcium 
ferrocyanide, etc. They are not suitable for non-aqueous solutions nor for 
most electrolytes in water. The same general criticism holds for other pre¬ 
cipitation membranes. 

* This work is part <rf the programme now being carried out at Cornell University under 
a grant to Professor Ban(nott from the Heokscher Foundation for the Advancement of 
Besearch established by August Heckscher at Cornell Univerrity. 

1 Bousfield: Trans. Faraday Soc., 13,141 (1917). 

* J. Phys. Chem., 32, i (1938). 
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Of the other membranes proposed for use the one approaching nearest to 
semipermeability and utility is rubber. Raoult^ made some qualitative experi¬ 
ments separating solutions of ether and methyl alcohol by vulcanized caout¬ 
chouc. The flow was from pure ether to the solution of alcohol in ether and 
the pressures developed were large but no quantitative work was reported. 
Flusin,2 at Raoult's suggestion, a little later began measurements but ran 
into difficulties and finished by noting the rate of flow of liquids through the 
rubber. Kahlenberg® showed how vulcanized rubber could be employed but 
the results obtained were discordant both among themselves and with the 
van^t Hoff theory of solutions. Cohen and Commelin^ repeated Kahlenberg^s 
work with a modified apparatus but with little or no better agreement in the 
results. Barlow^ made some experiments with gutta-percha membranes and 
found that when water and alcohol were separated by such a septum the 
flow was slow and toward the water. Wilcox,® repeating some of Kahlenberg^s 
work on pyridine solutions, maintained that the gas laws do not hold at all. 
Koenig^ using pyridine as solvent and sugar as solute found that the gas laws 
did hold fairly well but that if silver nitrate or lithium chloride were the 
solute the pressures developed were far below the theoretical ones. 

In the face of these results the immediate aim of this research became to 
discover wherein the trouble lies in the measurements of the osmotic pressures 
of solutions using rubber as a diaphragm, and to show that the gas laws do 
hold for non-aqueous solutions. * 

Since rubber is to be the septum we have a number of solvents which 
might prove worthy of trial. The first of these is pyridine which has already 
been the subject of a number of investigations. It has the advantage of being 
a veiy good solvent, dissolving electrolytes and water as well as many organic 
substances. It swells rubber somewhat but does not appreciably disintegrate 
it. Koenig reports that it has a deleterious effect on the membrane since the 
osmotic pressure developed with a given membrane drops off with use. Pyri¬ 
dine is disadvantageous not only because of its odor and physiological effects 
but also because it is extremely hygroscopic; this, C'ohen and Commelin tell 
us, may be the cause of irregularities in its behavior. 

Raoult suggested the use of ether. However, it swells rubber considerably 
and after a time the membrane loses its strength. Besides, compounds toward 
which the rubber should be impermeable are only slightly soluble in it. 
Barlow employed alcohol as solvent but the flow was very slow. On the other 
hand solvents like benzene, toluene, chloroform, carbon tetrachloride, etc., 
dissolve the rubber too easily. 

Acetone, however, has a number of advantages. Its odor is not objec¬ 
tionable nor its vapor pressure extremely high at room temperature. It is a 

* Compt. rend., 121, 187; Z. physik. Chem., 17, 737 (1895). 

*Compt. rend., 126, 1497 (1898). 

» J. Pnys. Chem., 10, 141 (1906). 

* Z. physik. Chem., 64, i (1908). 

‘ Phil. Mag., (6) 10, i; J. Chem. Soc., 89, 165 (1906). 

« J. Phys. Cm., 14, 576 (1910). 

J. Phyg. Chem., 22, 461 (1918). 
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very good solvent for a number of substances toward which rubber is most 
likely to be impermeable although not dissolving the wide variety of things 
soluble in pyridine. It swells rubber only slightly and after long periods a 
sheet of vulcanized rubber submerged in acetone does not appreciably change 
in strength; a sheet of imvulcanized rubber, however, rapidly disintegrates 
when in contact with acetone. The chief disadvantage of this solvent is its 
rather low rate of passage through rubber especially when near the equilibrium 
pressure. Experiments conducted in this laboratory by Nugent* suggested 
the use of acetone as solvent as well as t^ use of water as solute. Pure acetone 
could be forced through rubber with very little pressure applied but to force 
acetone containing dissolved water was another matter. The pressure ap¬ 
plied had to exceed the osmotic pressure of the solution. 

It was expected that rubber would be almost impermeable to the dissolved 
water and that true osmotic pressures could be measured. This then would 
give direct evidence of the moleular weight of water in acetone. 

The acetone used in these experiments was that from Kahlbaum, from 
bisulphite compound, and Baker’s “purified.” Aside from the water con¬ 
tained there was no objectionable impurity. The water was removed by 
shaking with anhydrous calcium chloride. A number of treatments were 
necessary and several days were required to remove the water. The resulting 
dry acetone was distilled through a Hempel distilling column, the first and 
last portions being rejected. 

Each of the investigators above mentioned as having worked with rubber 
membranes has described an apparatus for the measurement of osmotic 
pressure; but the one by Raoult seems to be most suitable for use when 
working with high pressures and a substance of high coefficient of expansion 
and volatility such as acetone. Since the rate of flow of this solvent through 
rubber is not great and since the area of the membrane itself is small (as com¬ 
pared to those of copper ferrocyanide membranes in the porous cups) modi¬ 
fications were necessary. It seemed desirable to apply pressure to the solu¬ 
tion side of the osmometer to balance the osmotic flow. This method was 
first suggested by Tammann^ and used successfully by the Earl of Berkeley 
and E. G. J. Hartley* in measuring the osmotic pressures of sucrose solutions 
with copper ferrocyanide membranes. 

Apparatus 

The apparatus used in the measurements of the osmotic pressures of 
acetone solutions is illustrated diagramatically in Fig. i. The osmometer 
itself consists of two flanged halves, each having a capacity of approximately 
100 cc. These, were turned from a bar of monel metal, 15 cm. in diameter, 
which the International Nickel Company kindly furnished, and to whom our 
thanks are given. The flanges are each provided with six holes through which 
bolts naay be inserted to hold the halves firmly togettier. Each half of the 

’ * Colloid Symposium Monograph, 5,149 (1937). 

* Z. physik. Chem., 9,97 (1893). 

' Phil. Trans., 206A, 486 (1906). 
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bomb is recessed to accommodate a 3/16 inch plate of monel metal. Both 
plates are drilled as full of holes as possible, those in plate Pi being about i mm. 
in diameter and those in P2 about 2 mm. The holes in P2 are countersunk 
away from the membrane. Between plate Pi and the membrane is placed a 



Fig. I 


piece of strong muslin for additional 
support. i I k 

When the two halves are placed L 

together and fastened by the bolts the 
rubber membrane is pressed tightly be¬ 
tween the plates and thus wrinkling is ^ ^ A 

largely inhibited. The connections be- J p ^ ® ® ^ 
tween the flanges and the membrane ^ ^ 

are made sure by a rubber gasket and o O P V I 
rubber cement. ^ ^ Z ^ 

The side of the bomb which is to ^ ^ 

contain the pure solvent, otherwise to ^ 

be designated as the ^^non-pressure'^ I 

side, is provided with a hole for a i /4 | 

inch compression coupling by which the 0 s to L L 

indicator tube L is attached. In order L1 i 1 1 I i 1 1 1 I cm. ■ ■ 

to observe the meniscus in this tube the 9 9 

upper part at least must be of glass. 

Pyrex tubing could be used directly ^ 

in the compression coupling provided 

that instead of the regular brass ferrule one of rubber, whittled from a small 
one-hole rubber stopper, were used. Another method consisted of making 
the indicator tube in two parts, the lower of copper tubing and the upper of 
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glass with a glass to copper seal. The copper tube was then used in the 
coupling with the ordinary ferrule. In either case evaporation from the 
top of the tube was prevented by a ground glass-cap. 

The other side, to be designated as the “pressure side” is provided with 
two holes placed diametrically opposite. The one at the top is for emptying 
and filling , and during a run is closed by a plug A made secure by a hard 
rubber gai^et. The second hole connects the bomb to the gauges by means of 
the nickel U-tube and is made tight by brazing. The U-tube which contains 
mercury dtiring an experiment is made of i/a inch nickel pipe and L’s. 

The gauges used in the present work were assembled by Dr. H. L. Davis 
for kivestigation of the boiling points of solutions under high pressures. A 
detailed description of them will be found in his article.^ 

A Bourdon spring gauge is used to measure pressures directly, and this 
was checked continually against the dead-weight or “absolute” gauge. The 
pressure is applied through the valve Vi to the mercury in the U-tube and 
to the Bourdon from a cylinder of compressed air. 

The absolute gauge consists of a piston It the under side of which can be 
subjected to the pressure within the apparatus by opening the valve Vs. The 
upward movement of this piston is balanced by weights placed on the platform 
W. An electric motor attached by a worm gear and cam keeps the piston 
moving in a semirotational fashion, thus allowing true balance to be read 
more accxirately by preventing the piston’s adhering to the sides of the 
cylinder. Oil is used as a medium through which pressure is applied to the 
bottom of the piston. It is forced into the gauge by means of the screw pump 
O and through the valve Vi. After enough oil has been driven in to start the 
movement of the piston upward, V4 is closed and V» opened and a comparison 
of the two gauges made. There was no attempt to keep the absolute gauge 
under the pressure within the apparatus during the entire determination— 
it was used only as a check on the Bourdon. To prevent oil from the absolute 
gauge from fiowii^ over onto the mercury in the U-tube a vertical piece of 
tubing was inserted in the line directly under the Bourdon. 

Since the piston has a rather large displacement and the total volume of 
the Bourdon and pipes is limited a movement of the piston causes a consider¬ 
able change in the pressure within the apparatus. This was remedied by 
inserting a capacity chamber C. 

The osmometer itself is immersed in a thermostat the temperature of which 
over long periods of time does not vary more than 0.02®. 

Manipulation 

The pressure side of the bomb contains the solution the osmotic pressure 
of which is to be measured. This side is filled through the ppening A. Air 
bubbles are thus entrapped in the holes of plate Ps and have to be removed, 
else, when pressure is applied, they will be forced through the membrane and 
invalidate the reading of the meniscus in the indicator tube. The removal 


* J. Phye. Chem., 33 , 600 (1929). 
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is accomplished by simultaneously applying reduced pressure to the openings 
A and Z. (Valve V2 is closed during the operation). This not only removes 
the air bubbles but also prevents the mercury in the U-tube from being dis¬ 
placed. A few applications and releasings of suction serve to remove the 
bubbles completely. After this is done the plugs are inserted at A and Z, 
valve V2 opened and pressure applied from the cylinder of compressed air 
through the needle valve Vi. 

The non-pressure side, or side containing the pure solvent, is filled quickly 
by inserting through the indicator tube L a small glass tube one end of which 
is drawn out into a funnel. However, in order to prevent the solvent from 
coming in contact for long with the air and thus absorbing moisture it is 
better to employ the device which is used to empty this side of the bomb. 
This consists of an Erlenmeyer flask fitted with a two-hole rubber stopper. 
Through one hole pressure for forcing the solution out or suction for filling 
the flask may be applied. Through the other, leading to the bottom of the 
flask, is inserted one arm of a glass U-tube made small enough to fit inside the 
indicator tube. Air bubbles entrapped in the holes of plate Pi may be re¬ 
moved by alternately applying and releasing suction to the indicator tube. 

When the osmometer and contents have come to the temperature of the 
bath the level is marked on the indicator tube. Usually when pressure is 
first applied or increased the level of the meniscus shows a slight rise, 1-2 mm., 
during the first hour. This is probably because the added pressure squeezes 
out some acetone from the membrane and in spite of the supporting plate the 
membrane is not quite rigid. After this preliminary rise the changes in level 
are reliable. 

The first method used in an attempt to find the correct pressure to balance 
the osmotic pressure of water dissolved in acetone was to try a pressure 
somewhat too low and another too high (as shown by the movement of the 
meniscus in the indicator tube), and then to approach from both sides the 
point where no liquid flowed. It was thought that the level of the meniscus 
would remain stationary and that this method would give the correct osmotic 
pressure of the solution. Actually, however, the point of “no flow’’ dropped 
continuously, that is, the longer pressure was applied to a given solution the 
less was the pressure required to balance the osmotic flow. It was then found 
that quite appreciable amounts of water passed through the rubber mem¬ 
brane. Consequently the maximum pressure for a given pair of solutions 
steadily decreased. Since the period required to ascertain a true flow, es¬ 
pecially when near the balancing pressure, was rather long (sometimes ten to 
twelve hours), there was opportunity for a good deal of water to go through 
the membrane. 

It is easy to see that if water does go through in appreciable amounts one 
cannot expect to prepare solutions of given concentrations and measure the 
maximum pressure. If one did happen to set the pressure on the acetone- 
water side at the maximum pressure for a given concentration, a movement 
upward in the indicator tube would be observed; for as soon as a small amo^i^t 
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of water had passed through, the pressure applied would be greater than the 
difference in osmotic pressures of the new pair of solutions. 

If on the other hand one takes advantage of this and applies a pressure 
that is somewhat lower than the osmotic pressure (as determined by pre¬ 
vious experiment), the level in the indicator tube will at first drop. As the 
water goes through the membrane and makes the difference in concentration 
less and less there will come a point at which the level ceases falling and begins 
to rise. If the solutions are removed and analyzed at the point of reversal of 
flow one can check results very well with a given membrane. With practice 
this point of no-flow can be readily determined to within two-tenths of an 
atmosphere. 

This method demanded that the analysis for water in acetone or rather 
the difference in water content of two solutions be made accurately and 
quickly. Frankforter and Cohen* suggest such a method by determining the 
specific gravities of the solutions. There are some data in the literature on 
the specific gravity of acetone-water solutions but they are somewhat dis¬ 
cordant and usually the first value given is for a ten percent solution. The 
concentrations with which I worked were all less than four percent. So 
solutions of known concentrations of water in acetone were carefully weighed 
out. In every case the same modified Sprengel pycnometer and the same 
temperature, 20®, were employed. The weight of the pycnometer full of ace¬ 
tone was determined and in turn the weight of the same pycnometer filled 
with the different known solutions. 

In a number of determinations it was found that for each percent of water 
added, the increase in weight of the pycnometer full of the solution over the 
same pycnometer full of pure acetone was 0.1796 grmn. Thus the difference 
in weight between the pycnometer filled with 3 percent water in acetone 
and pure acetone was 3 X 0.1796 or 0.5388 grmn. Conversely, if the pyc¬ 
nometer containing the solution from the pressure side of the bomb weighed 
0.5388 gram more than the same pycnometer filled with the solution from the 
non-pressme side, the difference in water content of the two solutions would 
be 3%. 

The density of the acetone solutions up to 4% water is so nearly a linear 
function of the concentration as to be within the experimental error. The 
accuracy with which the determinations were made was such that the dif¬ 
ference in water content of two solutions could be ascertained to within ±0.02%. 

As soon as it was found that water passed through the ordinary vulcanized 
membranes a search was made for some preparation which would be im¬ 
permeable to the water. It was thought that if rubber were first extracted 
with acetone before vulcanization it would prove impermeable. Such was 
not the case as will be seen later. Membranes so treated were furnished by 
the Goodrich Rubber Company. Some other preparations were tried, 
varying the amount of combined sulfur but wi^ unsatisfactory results. 
T}ie membranes which proved most useful were of ordinary commercial 

' J. Am. Chem. Soe., 36,1103 (1914). 
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sheet sent by the United States Rubber Company. One of these was 0.024 
inch thick while the other was 0.064 inch. Before using in the osmometer they 
were always extracted for a day in cold acetone. 

The United States Rubber Company also sent some sheet gutta-percha. 
It was hoped that this would be impermeable to water since it is more satis¬ 
factory in submarine insulation than caoutchouc. This expectation was not 
realized. Actually gutta-percha does take up some water^ and, besides, a 
large portion of it is soluble in acetone. 

More experiments are being conducted in an effort to find a membrane 
which will be impermeable toward the dissolved water. 

Results 

In every case with each rubber diaphragm employed water was found to 
go through from the solution side to the solvent side, thereby not only de¬ 
creasing the concentration on one side but also contaminating the pure 
solvent—both effects lowering considerably the osmotic pressure which could 
be developed. 

Table I gives the results of a number of experiments using the same rubber 
membrane- Column i gives the composition of the solution (the osmotic 
pressure of which is to be measured), in percent by weight of water, before 
placing in the bomb. The non-pressure side was filled with pure, dried 
acetone. 

Column 2 represents the percentage difference in water content between 
the solutions in the two halves of the bomb, which was determined by analysis 
at the end of the run. The concentration is calculated in molality in column 
3 (molecular weight of water 18). Column 4 gives the osmotic pressures in 
atmospheres which were found. Column 5 gives those calculated from the 
formula 

PVi = RT 

Column 6 gives the pressures calculated from the formula 

PVn, = RT In po/pi 

in which the values of pi for the various concentrations were taken from the 
graph of Makowiecki^s data (Fig. 2),^ on the partial pressures of acetone 
over solutions of water in acetone. 

Thus in the first determination given in the table, a solution containing 
1.50% by weight of water in acetone was placed in the pressure side of the 
bomb. The pressure was set at 8.2 atmospheres and in two or three days the 
point of reversal of flow, as previously described, was reached. Then the 
solutions were removed and analyzed. An absolute analysis would perhaps 
show that the pressure side now contained 1.45% water and the non-pressure 
side 0.05%. The difference, 1.40% is the value recorded in column 2; this is 
a 0.615 molal solution (column 3). From the formula PVi = RT the pressure 
which should be developed for a 1.40 % solution, assuming that water has a 


^ Lowry and Kohman: J. Phys. Chem., 31, 23 (1927). 
* Chem. Zentr., (V) 2, 392 (1908). 
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Table I 

Osmotic pressures of solutions of water in acetone at 30° using for membrane 
a commercial sheet of vulcanized rubber. Thickness 0.064 inch. Membrane 
number i 


% by weight 
water 

Molal¬ 

ity 

Osmotic press, in 
atmospheres 


Mole¬ 

cular 

Start 

Finish 

Found 

Calculated 

PVi*RT Makowiecki 

Weight 

Makowiecki 

150 

1.40 

0.61S 

8.2 

15*3 

II.4 

24.1 

1.78 

1.64 

0.722 

9-3 

17.9 

13-3 

24.3 

00 

M 

2 .00 

0.882 

10.9 

21.9 

iS -9 

24.9 

2.25 

2.18 

0.966 

11.6 

24.0 

17.2 

25.2 

2.50 

2.35 

1.04 

13 0 

25-9 

18.3 

2 SS 

2 - 7 S 

2.65 

1.18 

14.7 

293 

20.4 

2 S -9 

3.00 

2.87 

1.28 

155 

31*9 

21.9 

26.2 


5-2 

2.37s 


59.1 

37-4 

28.4 


molecular weight of 18 in the acetone, is 15.3 atmospheres (column 5). If 
the value for the partial pressure of acetone over a 1.40% solution is taken 
from the graph of Makowiecki’s data, Fig. 2, and the osmotic pressure cal¬ 
culated we find the value of 11.4 atmospheres as recorded in column 6. 

From the formula 

PVm = RT In po/pi 
if we assume an ideal solution in which 

. N + n 
Po/Pl = -1:7— 


we get 


PV„ = RT In 


N -f- n 


= RTln 


N + g/M, 


where N is the number of moles of solvent, g the grams of solute and Mi the 
molecular weight of the solute water in the solution. If we take the values 
of P found in the measurements, every other term is at least approximately 
known except Mi. This can then be calculated. In the third determination 
in Table I the final concentration difference in water content was 2%. Sub¬ 
stituting 10.9 for P, 303 for T, 98/58 for N, and 2 for g and solving for Mi 
we get 36 for the molecular weight of water. This gives the upper limit for 
the molecular weight at this concentration. 

The molecular weight of water in acetone can also be calculated from 
another source—namely, from the partial pressures.* If in the formula 


PVi * RT—lnp„/pi, 
11 


where Vi is the volume of the solvent containing one molecular weight of 
the solute, we assume that 

PVi = RT 

we get n/N = In po/pi = 

^ Bancroft and Davis: J. Phys. Chem., 32 , i (1928). 
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where the symbols have the same meaning as stated before. The molecular 
weights thus calculated are listed in column 7 and are probably the lower 
limit for the molecular weight of water in solutions of the concentrations rep¬ 
resented. This distinctly shows that the molecular weight of water is increasing 
with increasing concentration. 



Fig. 2 

Makowiecki claims reasonable accuracy for his work and it would have 
to be quite accurate in order to give such a smooth curve. The only thing 
which casts doubt is the high value for the vapor pressure of acetone at 30®. 
He reports 284.5 ^^n* whereas other investigators give 281 mm. or lower. 
Taylor^ has also determined partial pressures of acetone over acetone-water 
solutions, but one glance at the graph of his data, Fig. 2, shows it to be of 


^ J. Phys. Chem., 4. 683 (1900). 
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little use in the range here emplos^d. However, for tiie sake of oomparison, 
a straight line relationdiip for pi was assumed between zero percent water and 
the ten percent solution, and a calculation made for the osmotic pressures, 
again using 

PV„ = RT In po/pi 

This gave values for P falling almost exactly on tiie curve for membrane 
number i. 

Other membranes were used but lower values were obtained for the os¬ 
motic pressures than with membrane number i. Inasmuch as the higher 
pressures are more nearly correct, they alone are of use in making calculations. 
The results of the experiments with membranes other than number one are 
listed in Table II. 

Here again column i gives the percent water in the solution before placing 
in the bomb, the non-pressure side being filled with pure, dried acetone. 
Column 2 gives the percentage difference in water content of the two solutions 
at the end of the run. Column 3 lists the measured osmotic pressures and 
column 4 the number of the membrane employed. 


Table II 


% by weight water 

Osmotic press. 

Membrane 

Start 

Finish 

in 

Atmospheres 

Number 

2 , 2 $ 

2.14 

10.3 

2 

2.27 


10.7 

2 ( 2 S“) 


1-93 

8.3 

3 


2.94 

12.7 

3 

2.4s 

2.21 

95 

4 

1.36 

1.26 

4.5 

S 

1-73 

1.56 

5-6 

5 

2.45 

2 .02 

7-75 

5 

2-73 

2 .42 

9-3 

5 

2.09 

1.79 

7.2 

6 

2.40 

2.13 

8.6 

6 

318 

2.58 

10.S 

6 

3-35 

3-00 

12.3 

6 

4.00 (?) 

3-30 

14.1 

6 

3 09 

2.50 

II .2 

6 

2.27 

1.88 

8.7 

6 


Membrane number 2 like number i (see Table I), was of commercial sheet 
rubber 0.064 uich thick. Numbers 3,5, and 6 were also commercud ^eet but 
were only 0.024 iuch in thickness. Membrane number 4 was made from ace¬ 
tone-extracted rubber. 

The experimental values for all six membranes as well as the theoretically 
calculated ones are plotted in Fig. 3, as percent water i^gainst osmotic pressure 
in atmospheres. Instead of one curve for all tn^lHanes which would be the 
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case if the membranes acted efficiently (as a copper ferrocyanide membrane 
does toward sucrose solutions), there is a curve for each one. With the ex¬ 
ception of the last two readings with membrane number 6 , which are probably 



erroneous, each of the membranes gives a good curve, the pressure being 
nearly a linear function (in the range studied) of the percentage water. The 
distance between the curve and the x axis is roughly dependent on how little 
water goes through the membrane. Although the analyses are not perfect 
they do show tiiat water passes through a thin membrane more readily than 
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through a thick one, and that higher pressures are given when less water 
passes through. The probable reason why membranes of the same kind do 
not give identical readings is that there are slight variations in the thickness 
caused by stretching in the bomb. Small ineqiialities of composition may 
be another cause of difference. 

It would seem possible from the above considerations to increase the 
thickness of the sheet until a maximum osmotic pressure was developed. 
Through such a sheet little or no water would find its way. Actually this 
is not practicable because of the slow rate at which the solvent moves through 
the thicker membranes. 

The question will be asked, “Why were the solutions in the bomb not 
stirred?” An internal stirrer operated by a solenoid through which an elec¬ 
tric current could be passed at intervals was arranged for the pressure side 
of the osmometer and was run for some time. However, the non-pressure 
side is the one so constructed as to require stirring because the holes in its 
supporting plate are not only small but the plate is covered with a piece of 
muslin. On the pressure side of the apparatus the holes in the plate are much 
larger and are countersunk. By the application of nearly sufficient pressure 
to balance the osmotic flow the amount of solvent entering that side of the 
bomb is almost negligible. Certainly not more than two or three drops 
would pass through in half a day. On the non-pressure side a film of solute 
which has leaked through the membrane might easily be conceived of as in 
contact with it, and retained in the muslin and the small holes of the plate. 

To be effective the stirring should be continual, and so agitate the liquid 
that if a film should concentrate next to the membrane it will be swept off 
as fast as formed. The device should not interfere wnith the reading of the 
meniscus in the indicator tube and should be tight so that none of the acetone 
may either leak out or evaporate. The bore of the indicator tube is too small 
to make a solenoid arrangement practicable. Possibly some device could be 
contrived for stirring in this side of the bomb but I have not been able to 
think of one which would be properly effective. 

If the low pressures measured are caused by the slow diffusion of the solute 
which passes through the membrane, then anything which would aid dif¬ 
fusion, whether stirring or some other method should increase the measur¬ 
able osmotic pressure of a given water solution. The first condition favorable 
to diffusion is a higher temperature. The runs were made at 30®, so it is not 
advisable to make a determination at higher temperatures. One experiment 
was made at 25® and another at 30® using the same membrane and the same 
concentration, as recorded in Table II under membrane 2. The lower tem¬ 
perature actually gave a little higher pressure which no doubt was due to 
experimental error, but even so diffusion did not change enough to markedly 
alter the osmotic pressure developed. 

Another method for increasing diffusion is by changing the design of 
the apparatus. Plate P* was removed so that there was nothing between the 
membrane and the solution in the pressure side of the osmometer. In addi- 
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tion the position of the membrane is vertical and gravity should take care of 
all concentration changes in a very short time. Morse^ believes that stirring 
within a cell is unnecessary. On the non-pressure side the process of diffusion 
should be aided if, instead of the plate with the small holes, we substitute one 
with larger holes and these countersunk away from the membrane. This ne¬ 
cessitates the use of a piece of wire gauze as support in place of muslin. 

A determination was made with the changed design. The membrane 
was of the commercial sheet, 0.064 inch, and the solution put in the pressure 
side was 1.7% water. The pressure measured was somewhat lower than that 
with membrane number i in spite of the increased possibilities for diffusion. 
The flow of solvent was greater through the membrane thus supported which 
may account for the pressure not being higher, as greater flow of solvent 
would probably carry through a larger amount of water. That this membrane 
was not defective is shown by the fact that it was used satisfactorily to deter¬ 
mine the osmotic pressures of citric acid solutions, where it checked admirably 
with other membranes. 

This modified arrangement of the supports for the membrane is that used 
later for the citric, malic, and tartaric acid solutions. 

Rubber diaphragms are thus found to be somewhat permeable toward 
water in acetone, so that the maximum osmotic pressure cannot be measured. 
This could have been predicted, for it is well known that rubber absorbs water 
and that the amount taken up over long periods of time is considerable. Lowry 
and Kohman* give a number of references on the work done in this line. Pro¬ 
fessor Bancroft suggested that if a rubber membrane separated water from a 
salt solution, osmotic flow toward the solution should result. Qualitative 
experiments were conducted to show this to be true. 

Rubber membranes were attached to thistle tubes in much the same way 
as that used by Kahlenberg* in his work. Over the rubber was securely tied 
a piece of muslin. A Witt plate served as additional support and was held 
in place by a second piece of muslin. A 4N NaCl solution was placed inside 
the bulb which was surrounded by distilled water. The rise of liquid in the 
stem served to indicate the direction and magnitude of the flow. The stem 
was stoppered with a small cork to prevent evaporation of the solution. 

Several different membranes were employed and the result was the same 
in each case. Up to the time when the rubber disintegrated there was no 
doubt of the flow through the membrane toward the salt solution. Un¬ 
vulcanized sheets were made by dissolving crepe rubber in benzene, pouring 
out the resulting solution on a glazed plate, and allowing the benzene to 
evaporate. The membranes so formed could with care be attached to the 
thistle tube without being damaged. Vulcanized membranes of dental rubber 
were also used. These lasted longer and in one case a rise of 21 cm. was noted 
in 600 days. This corresponds to about 4 cubic centimeters, the amount of 
water which passed through the membrane. 

^ Am. Chem. J., 45 , 519 (1911). 

* J. Phys. Chem., 31 , 23 (1927). 

» J, Phys. Chem., 10^ 141 (1906). 
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The unrulcaoized membranes usually showed a more rapid flow at first 
but began to disintegrate rapidly after 50 to 75 days and to allow salt to pass 
into the outer solution. The average rate of flow for these membranes was 
about 0.5 cm. per week, making the passage of water through the membrane 
about o.i cc. per week. 

Attention is called to the fact that these experiments were made to show 
only the presence of osmotic flow, and that rubber is much more permeable 
to water than to salt. Of course the rate of flow is too small to allow for 
quantitative measurements. 

The use of sodium chloride suggests the possibility of inorganic salts as 
solutes in acetone, as they should tend much less than water to pass through 
the rubber. 

Sodium Iodide as Solute 

The common inorganic salt most soluble in acetone and most likely to be 
of use is sodiiun iodide. At 25® 41 grams of the salt dissolve in 100 grams of 
solvent which allows a wide range of concentrations over which to work. 
The rubber membranes should be much less permeable to this solute than to 
water and consequently osmotic pressures nearer the maximum should be 
measured. Furthermore these measurements should throw an interesting 
light on the theory of solutions of sodium iodide in acetone. Conductivity 
measurements show a certain amount of dissociation while the rise of boiling 
point seems to indicate a normal molecular weight.^ 

The procedure and apparatus for measuring osmotic pressures of solu¬ 
tions of sodium iodide in acetone were the same, with the following exceptions, 
as that used for acetone-water mixtures. Sodium iodide was found by experi¬ 
ment to go through the membrane very slightly so that with time the marked 
change of composition is not noticed as it was with the water as solute. So 
attempts were made to reach the maximum pressure which could be developed 
by applying pressures too high and too low. By noting the direction and 
rate of rise or fall of the meniscus in the indicator tube the equilibrium pres¬ 
sure could be ascertained. In each case an attempt was made to find the 
point where there was no flow of liquid as shown by the constancy of the level 
in the indicator tube. As a rule this pressure was maintained for a day to 
determine whether a further change would ensue. 

The apparatus was modified by removing plate Pj. It was found that if 
the membrane were put in place between the two halves of the bomb immedi¬ 
ately after removal from the extracting acetone there was very little wrinkling 
of the rubber. 

Difiicultics were encountered at once in attempting to measure the osmotic 
pressures of these solutions. This will perhaps best be shown by an example. 
A 3.6% solution of anhydrous sodium iodide in acetone was put in the pressure 
side of the osmometer and pure acetone in the other. From measurements of 
other and more concentrated solutions it was expected that the pressure of 
this solution would be somewhat greater than 8 atmoqpb^ea. Hus amount 

■ ' McBaln and Coleman: Trans. Faraday Soc., 15, 27 (19I9). 
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was applied for a trial. Over night the level in the indicator tube rose several 
millimeters, showing that the pressure was too great. So it was released to 
7 atmospheres. By the next morning the level was still rising, so the pressure 
was reduced to 5.5 atmospheres. Over night the level dropped seven milli¬ 
meters giving evidence that the applied pressure was too low. Consequently 
it was raised to 7.2 atmospheres. Over night a decline in the level of 2 mm. 
occurred. Pressures of 8.0 and 8.5 showed a drop in the level while 9.0 gave 
rise and at 8.75 there was no appreciable flow in either direction. 

The process was somewhat the same in nearly every measurement. The 
rate of flow was small even with the thinner vulcanized membrane (0.024 


inch thick). 

The results follow in the order of their being run. 



Experiment 
No. I 

8.s% Nal 

Higher than 

17.6 

atmos. 

” 2 

4-4 ” 


11.6 


” 3 

4-4 ” 


7 -iS 

JJ 

” 4 

6.S ” 

Higher than 

13.0 

ff 

” S 

A A " 

4.4 


7*3 

ff 

” 6 

6.1 ” 


14.4 

n 

” 7 

5-3 ” 


13-9 


” 8 

4.4 ” 


II-5 


” 9 

3.6 ” 


8.75 

77 


With the exceptions of numbers 3 and 5 the agreement is fair. 

A check up on the results using the lowering of the vapor pressure to cal¬ 
culate the osmotic pressure was made. A 4.8% solution gave a lowering of 
4.9 mm.; or P, the osmotic pressure when calculated from the formula 

PVn. = RTlnpo/pi 

gives the value 7.2 atmospheres, which, of course, is as low as that found for 
even a 4.4% solution (Nos. 3 and 5) 

Next after removing the solutions from the bomb, the vapor pressure 
lowerings of numbers 7 and 9 were determined. The solution taken from the 
pressure side of number 7 showed a vapor pressure lowering of 17.8 mm., as 
compared to pure acetone. This corresponds to an osmotic pressure of about 2 7 
atmospheres. 13.9 atmospheres was the pressure found and 7.1 is that cal¬ 
culated from PVi = RT. Number 9 gave a lowering of 15.4 mm. correspond¬ 
ing to an osmotic pressure of about 23 atmospheres whereas 8.75 \vas the 
value found. 

One glance of comparison at these solutions and the freshly prepared 4.8% 
solution shows that something in the former has undergone a decided change. 
The 4.8% solution was found to give a lowering of the vapor pressure of 4.9 
mm. while that of the 3.6% solution on removal from the bomb was 15.4 mm. 

The method for the determination of the vapor pressure lowerings re¬ 
quired that the solutions be cooled in a carbon dioxide-ether bath. The 
solutions which were made up and directly cooled yielded a white crystaUine 
precipitate while these which had remained in the bomb for some time showed 
no such precipitate even with more concentrated solutions. 
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To test whether traces of water would cause these solutions to have such 
abnormally large vapor pressure lowerings, 0.25 cc. of water was added to 
25 cc. of a 4.8% solution of sodium iodide in acetone. This concentration of 
water was far more than that which the solution removed from the osmometer 
could have contained in the most extreme case, since the solutions were in 
contact with the air as little as possible during the filling and emptying of 
the bomb. 

The vapor pressure lowering of this solution was greater than the pure 
4.8% solution but by no means as great as, for example, the 3.6% solution 
removed from the bomb in number 9. 

It had been noticed that the mercury and iodide solution formed a pre¬ 
cipitate when stirred up together. When the bomb was taken apart its inner 
surface was discolored and showed a superficial attack. The brass plug A 
had become greenish black in contact with the solution. 

Sodium iodide then appears to act on the metals when only slight traces 
of moisture are present and liberates oxides which react with the acetone to 
form condensation products. Whatever happens, the vapor pressure of the 
solution is distinctly lowered. This affects the osmotic pressure of the solu¬ 
tions more or less, as the case may be, as to whether or not the products which 
are formed are able to pass through the membrane. It is my belief that they 
go through to some extent because the vapor pressure of the non-pressure 
(solvent) side which was used opposite the 3.6% solution was determined and 
found to be 2.3 mm. lower than the pure solvent. This decrease could hardly 
be due to the trace of iodide which was found in the solution and which had 
passed through the membrane. 

So the attempt to measure the osmotic pressures of sodium iodide solutions 
in acetone by means of the large apparatus was abandoned and trials were 
made with a modified Kahlenberg apparatus. This simple type of osmometer 
has the advantage that the solution is in contact with metal only at the sur¬ 
face of the mercury in the manometer. The diameter of the tube at this place 
is about 6 mm. and the point of contact is well removed from the main part 
of the solution. This modification of Kahlenberg’s apparatus is superior 
in that pressure may be applied to the solution within the osmometer through 
the stopcock H by raising the mercury leveling bulb. Fig. 4. Thus pressure 
on the solution may be varied at will. This is advantageous in point of time 
and because so little solvent has to flow through the membrane before 
equilibrium is reached. As with the large apparatus, the pressure is set at 
different values and then note is taken as to whether the level of the mercury 
rises or falls. When a pressure is reached at which the level in the manometer 
remains constant that pressure is taken to be the equilibrium pressure. Care 
must be taken that the temperature of the bath be well regulated as acetone 
has a high coeffident of expansion. 

The flanged end of the thistle tube was covered in the usual way (see Kahlen- 
berg: loc. clt.) with the exception that the rubber used was that from toy 
balloons and wi»s somewhat thicker than d^tal rubber. The bulb was filled 
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and sealed as by Kahlenberg. The outer solution, acetone, was contained 
in a 500 cc. wide-mouth bottle provided with a one-hole stopper through 
which was inserted the stem of the thistle tube below the side arm. After 
the bulb was filled and sealed, acetone was put in the bottle and the stopper 
was loosely inserted. Then the bottle and contents were brought to the tem¬ 
perature of the thermostat, 25°. After the excess air had escaped, the stop¬ 
per was pushed in securely and made air-tight and water-proof by means of a 
coating of paraffin. The whole apparatus except the capillary manometer 
and leveling bulb was immersed in the bath. 

Always after raising the pressure 
the level in the manometer showed a 
rapid decline, varying in amount ac¬ 
cording to the magnitude of the pres¬ 
sure increase. This was followed with 
a slow rise whenever the osmotic pres¬ 
sure of the solution had not yet been 
reached. The process of reaching equi¬ 
librium was rather tedious and inac¬ 
curate because of this preliminary 
decline of the mercury level in the 
capillaiy and also because the 
acetone’s rate of flow through the 
membrane is slow especially when the 
applied pressure is near the equilibrium 
pressure. 

However, experiments using this 
apparatus with two different mem¬ 
branes were run. In each case the inner Fig. 4 

solution was 1% by weight of sodium 

iodide in acetone and the solution in the bottle was pure acetone. The first 
experiment after about a week of trial gave a pressure of 105 cm. while the 
second gave a pressure of somewhat over 100 cm. In neither case was there, 
more than a slight trace of iodide in the outer solution. 

In both experiments the determination of the equilibrium pressure was 
accomplished with great difficulty. The preliminary change after adjust¬ 
ment of the height of the mercury column was very bothersome. The cause 
of this change is thought to be as follows: The membrane in spite of its 
support of muslin and plate readjusts itself a small amount when additional 
pressure is applied. Because of the small diameter of the capillary a slight 
change in the position of the membrane results in a relatively large change 
in level in the manometer. 

If the values for P of these solutions are calculated from PVi = RT we 
find that the pressure should be about 98 cm. This of course assumes no 
dissociation. The values of 105 and 100 cm. which were found compare very 
favorably with the theoretical value, and possibly show some dissociation. 





914 


H. J. MTTBRAY 


althoui^ the determmations are not accurate enough to demonstrate it 
plainly. 

Thus sodium iodide has proved itself to be unsuitable for use in the metal 
apparatus but would probably be all right in a non-metal one. The operation 
of the Kahlenberg apparatus is too slow and accompanied by too many ob¬ 
stacles to make the further use of this type advisable. The membranes of 
vulcanized rubber were almost impermeable toward the salt and the diffi¬ 
culties were not of the same kind as those encountered with the solutions of 
water in acetone. 


Organic Adds as Solutes 


Sodium iodide having been found unsatisfactory for use in the large ap¬ 
paratus it becomes necessary to search for other solutes. Since rubber itself 
is mostly hydrocarbon, something which would be as little soluble in other 
hydrocarbons as possible ought to be a suitable solute. Most inorganic salts 
meet this requirement but they are sparingly soluble in the solvent which 
we have chosen. Besides they might act in the bomb very much as did the 
sodium iodide. So attention was turned to organic compounds. A high 
oxygen content would seem to be most desirable, but such compounds are 
usually insoluble or only slightly soluble in acetone, as for example the sugars. 

Succinic, malic, tartaric and citric acids all have a high oxygen content 
and a fair solubility in acetone. Of these four succinic acid is the least soluble 
and has the lowest percent of oxygen. However, two measurements were 
made with it. A 3.76% solution was put in the bomb and a balance of 
pressure attained. This pressure was found to be 4.0 atmo^heres in each of 
the two solutions determined. Each run required about a week as the flow 
of acetone was very slow, even though the membrane used was the thinner 
vulcanized commercial sheet, (0.024 inch). At the end of the second run the 
solutions were on removal analyzed by titration with NaOH using phenolph- 
thalein as indicator. The solution from the non-pressure side contained 
about 0.12% acid showing that about one thirtieth of the original acid had 
passed through the membrane. 

Assuming no association and calculating the pressure which should be 
developed from the formula 


PV„ 


RTln 


N -I- n 
N 


we find P should be approximately 5.9 atmospheres, whereas 4.0 was the 
value found. Thus, like water, succinic add does not give the maximum os¬ 
motic pressure as quite appredable amounts go throu^ the membnme. 

The next experiments were with ciiaic add which not only contains three 
carboxyl groups but also one hydroxyl. The rubber should be pretty im¬ 
permeable to this compound since tiie carbon residue within the molecule 
is well covered by the oxy groups. It has the further advantage of being 
much more soluble in acetone. The anhsrdrous add was made by heating 
the crystalline acid at 70“. 
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Malic acid has a larger percent of oxygen than succinic acid and is much 
more soluble in acetone. Tartaric acid is not as soluble but the oxygen content 
is higher. 

The apparatus was modified as previously mentioned under the deter¬ 
minations of the pressure of water in acetone solutions. Plate Pj was omitted 
and plate Pi was changed so that the holes were not only larger but were 
countersunk. This arrangement gives more chance for solvent to flow through 
the membrane. Instead of the muslin used in the earlier experiments as a 
support for the membrane a piece of fine wire gauze was employed. 

The following table gives the data obtained with the organic acids as 
solutes. 


Membrane 

Solute 

Table III 
Molality 

(Temp. 25®) 

Osmotic pressure in atmospheres 

number 

(acid) 


Found 

Calculated 

8 

Citric 

0.185 

PVm = 

3-9 

=RTlnp„/p, 

PVm^RTln- 

4-5 

8 

y > 

0.224 

4.7 


5-5 

9 

yy 

0.229 

4.9 


5*6 

8 

yy 

0.304 

6.0 


7*5 

8 

yy 

0.448 

9-3 

10.4 

10.8 

8 

yy 

0.526 

10.9 

12 . I 

12.7 

9 

yy 

0.675 

14.1 

15*2 

16.1 

7 

yy 

0.684 

14.3 

15.5 

16.3 

8 

yy 

0.795 

16.5 

17.8 

19.0 

8 

yy 

0.952 

19.8 

21.0 

22.5 

9 

Malic 

0.53 

9.9 

12.4 

12.8 

9 

yy 

1.16 

20.6 

24.8 

28.9 

9 

Tartaric 

0.44 

9-3 


10.7 

TO 

Succinic 

0,24 

4.0 


5-9 


Column one gives the number of the membrane used, and column two the 
solute. Column three gives the moles of acid dissolved in a liter of acetone. 
Column four gives the osmotic pressures in atmospheres which were found 
by direct measurement, and column five those which were calculated using 
the formula 

PVn, = RT In po/pi 

in which p, and pi were found by vapor pressure measurements. In column 
six are the values calculated assuming no association of the acid. The for¬ 
mula used was 

PV„ = RTln^^^ 

N 

In the ei^riment in which membrane number 7 (0.0064 inch commercial 
sheet) was emplojred the pressure was set first too low and then too high. 
The fall and rise of the meniscus in the indicator tube were compared and 
from this comparison the equilibrium pressure was presumed to be 14.3. 
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Such a pressure was maintaiued for four days during which time no change 
in the level in the indicator tube occurred. This demonstrates two things. 
First that the hastily found value, 14.3, is exceedingly close to the equilibrium 
pressure and second, that the measured osmotic pressure with a given mem¬ 
brane does not change appreciably with time. The membrane was so nearly 
impermeable to the solute that only one part in 7000 of the citric acid went 
through as shown by analysis of the solutions after removal from the bomb. 



Membrane number 8 was of 0.024 inch commercial sheet. Flow of 
solvent through this was considerably faster and it was possible to complete 
a determination in about two days. Analysis of the solutions showed 
only about one part in 500 of the original citric add passed through the 
membrane. This anall change in composition could not be detected by a 
decreasing pressure. 

Membrane number 9 was from a 0.14 inch thick toy balloon which had 
long been soaked in acetone to remove the dye. Acetone flowed through it 
more rapidly than through either of the others but it proved almost as im¬ 
permeable toward citric add as the thicker one. It was this membrane which 
was u^ to determine the pressures developed by the solutions of wmliA and 
ta^ric adds. It proved almost equally impermeable to tartaric and citric 
acids while malic add passed through in somewhat hu'ger amounts. 

The pressures of the dtric add solutions agree extremely well with each 
other even when membranes of different thickness are employed. They ap¬ 
pear to be very nearly a linear function of the concentration and tire variance 
from this line is remarkably small. While tilie pressure for a 0.93 molal solu¬ 
tion is about 12% lower than the ideal it is onfy 6% less than that calculated 
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from the vapor pressure lowering. This 6 % error leaves a very narrow margin 
for those who declare that the gas laws do not hold at all. 

In Fig. 5 the results with the different solutions are plotted as moles of 
solute per liter of acetone against the osmotic pressure. The highest curve, 
number i, is that of the ideal solution with values of P calculated from 

PV„ = RTln—^ 

This formula being used rather than 

PVi - RT 

because as n becomes larger it cannot be neglected. In case one mole is 
dissolved in one liter of acetone the ratio of n to N is 1/13.5 and, as Ban¬ 
croft and Davis have pointed out, this introduces quite a large error into the 
calculation. 

Curve II is that for the pressures calculated from the vapor pressure 
lowering using the formula 

PVm = RT In po/pi 

Curve III is for the pressures found for citric acid solutions; curve IV for 
malic acid and curve V for succinic acid. The one point determined for 
tartaric acid lies almost on the curve for citric acid. 

Disregarding any slight polymerization which enters in the case of acids 
dissolved in acetone we note the following: the less the solute passes through 
the membrane the nearer is the approach of the measured pressure to the 
ideal. Vulcanized rubber is almost impermeable toward citric and tartaric 
acids, and, contrary to the case with water as solute, a thick membrane gives 
no higher pressure than a thin one. Mahc acid passes through a little faster 
than citric acid and its measured pressures are lower. Succinic acid goes 
through still more quickly and the pressures are lower. (We have seen earlier 
in this paper what difficulties were encountered with water passing through 
the membrane). No doubt the experiments could be carried further. Ethyl 
alcohol dissolved in acetone would probably give a curve lower than that for 
water and propyl alcohol one still lower. We should finally come to a sub¬ 
stance toward which the rubber is exactly as permeable as to acteone. With 
this solute no pressure could be measured. We could even imagine a curve 
with a negative slope in which the acetone would be solute and another 
liquid the solvent. Such might be the case with ether-acetone mixtures or 
certainly with benzene-acetone solutions. 

Bigelow, Bartell and their co-workers^ have shown that the osmotic 
pressure developed by a solution separated from the pure solvent by inactive 
membranes (membranes of porous material with the pores clogged with 
finely divided substances such as lamp black, silica, etc.) is increased with the 
decrease in the size of the capillaries in the membrane. This means that the 
membrane is becoming more nearly semipermeable—or that not so much 
solute finds its way through the pores. Morse® has shown that a copper 

' Colloid Symposivun Monograph, 4 , 234 (1926) and many previous papers. 

* Am. Chem. J., 45 , 558 (1911). 
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ferrocyanide membrane is truly semipermeable to aqueous miorose solutions. 
In sixty days an experiment showed that no leakage of sugar occurred. If 
on the other hand it was demrable to measure the osmotic pressure developed 
by other substances, especially those of lower molecular weight, the mem¬ 
brane had to be made tUcker and more dense. Only vdien the membrane is 
really semipermeable, as is the case with copper ferrocyanide membranes 
toward sucrose solutions in water, is the true thermodynamic or the maximum 
osmotic pressure measurable. The preceding experiments on the osmotic 
pressure measurements of acetone solutions bring out this fact strikingly. 

Criticism of Kahlenbeig’s Work 

In Kahlenberg’s paper (loc. cit.) an experiment is recorded wherein the 
osmotic pressure of a normal silver nitrate solution in pyridine at 20° was 
found to be about 15 atmospheres. In another experiment, the same con¬ 
centration of silver nitrate, with the temperature at —16® to —15® there was 
very little flow of solute, only 15.6 cm. in 3 days; whence it was concluded 
that the osmotic pressure of the solution is negligible. This is of course a case 
of experimental error; but where the trouble lies is not easily seen. It is 
obvious, however, that time enough was not given for equilibrium to be 
reached. Furthermore, the 15.6 cm. represents the flow of solute and not 
osmotic pressure. Had a pressure sufficient to stop this small flow been 
applied it would doubtless have been very great. The cell used was not ar¬ 
ranged for this and the membrane was not even supported. 

We should expect pyridine to be less soluble in rubber at low temperatures 
and if this is true the rate of flow through the membrane might become so 
slow as to be mistaken for almost no flow. Rubber becomes almost imper¬ 
meable to CO2 at low temperatures. 

Traxleri has measured the change in rate of flow of pyridine through rubber 
to pure water with change of temperature and found that the rate doubled 
from 5® to 15® and again doubled from 15® to 25®. With water it would not 
be possible to measure lower than zero but if the rate fell off as fast as that, 
by the time the temperature reached —16® the rate of flow into a com¬ 
paratively dilute solution of silter nitrate (dilute as compared to the con¬ 
centration of pure water used by Traxler) might easily fall to a very small 
amount. 

Traxler brings in the assumption that it is monohydrol which causes the 
pyridine to pass through the membrane into the water and since at lower 
temperatures there is less monohydrol the inducement for pyridine to per¬ 
meate the rubber is less than at higher temperatures. Had he arranged his 
cell to measure the flow of pyridine through rubber into a sugar solution of 
pyridine, as I did, he would have had to offer an altogether different explana¬ 
tion. I found that the flow of pyridine through rubber to a 0.125 N sugar 
solution was roughly three times as large at 23® as at 3®. The rate was not 
great even at -f-23® and it is reasonable to expect that at —16® it would fall 


* J. Phys. Chem., 32 , 127 (1928). 



OSMOTIC PRESSURES OF ACETONE SOLUTIONS 


919 


to a very small value indeed—thus making measurement of osmotic pressures 
extremely difficult and possibly leading one to conclude that the pressure 
developed is almost zero. Three days are hardly long enough to wait to 
assume that the osmotic pressure is negligible. When an aqueous salt solu¬ 
tion is separated from pure water by a rubber sheet, it is several days before 
osmotic flow becomes evident. It would be incorrect to say that such a solu¬ 
tion can therefore develop no pressure. We have seen that in 600 days a 
height of 21 cm. of solution was reached, and had it been experimentally 
possible to determine what pressure would have been required to prevent that 
slow but certain flow, there can be no doubt that it would have been a large one. 

Summary 

1. A modification of Raoult’s osmometer has been designed for measur¬ 
ing the osmotic pressures of non-aqueous solutions with vulcanized caout¬ 
chouc as the diaphragm. 

2. Acetone was selected as the most suitable solvent. 

3. With water as solute the membrane was so permeable as to necessitate 
a special method of procedure. 

4. Different rubber membranes gave different values for the measured 
osmotic pressures of a definite concentration of water in acetone. The 
pressure developed depended on the thickness of the membrane and the ease 
with which water was prevented from passing through it. 

5. The molecular weight of water as calculated from the lowering of the 
partial pressures of acetone, using the formula 

n/N = lnpo/pi=^ 

N 

was found to be approximately 25 at about 2% weight concentration. The 
value increases with increasing concentration. 

6. The molecular weight of water as calculated from the best measure¬ 
ments of the osmotic pressures over the same range gives the value as about 36. 

7. Osmotic flow of water through a rubber membrane resulted when 
concentrated sodium chloride solutions were separated from pure water by 
thin rubber sheets. 

8. Measurements of the osmotic pressures of sodium iodide solutions in 
acetone proved unsuccessful because of a change in the solution when in 
contact with the metal of the osmometer. Rubber is, however, almost im¬ 
permeable to sodium iodide dissolved in acetone. 

9. A modification of Kahlenberg’s osmometer was employed to measure 
the osmotic pressures of two solutions of sodium iodide in acetone. The 
results of these experiments show the pressures to be very near the theoretical 
ones, although the difficulties in measurements were such as to make the 
readings somewhat uncertain. 

10. Measurements of the osmotic pressures of solutions of succinic, 
malic, tartaric, and citric acids in acetone were made. 

11. An increase in the oxygen content as in the series succinic, malic, and 
tartaric acids decreased the permeability of the rubber toward the acid. 
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12. Tartaric add, although having a smaller molecular weight than 
citric acid, is prevented from padsiii^ through the membrane just as ejfidently 
as is the latter. 

13. Measurements of dtric add solutions show the rubber to be only very 
slightly permeable to this compound. The pressures found with different 
membranes agree extremely well with each other. 

14. The measured pressures are 12 to 15% lower than those calculated 
from the gas law but only 6 to 11% lower than the values calculated from 
the vapor pressure lowerings. Considering the difficulties of measurements 
and the fact that the membrane is not truly semipermeable, this error is 
hardly sufficient to say that the gas laws do not hold. It is rather to be said 
that when experimental difficulties are overcome, the measured osmotic 
pressures of non-aqueous solutions will be found to be those required by the 
gas laws. 
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SOME OBSERVATIONS UPON WETTING POWER* 


BY E. L. GREEN** 

Introduction 

When an orchard is to be sprayed with a liquid insecticide the readiness 
of wetting becomes an important consideration. If the spray is intended to 
cover plant organs with poison and kill or repel insects seeking to bite them, 
the liquid must wet the plant. If the purpose is to place a toxic substance 
upon the insect’s body, the insect itself mu.st be wetted. This has been dis¬ 
cussed at some length by English (i),*** Stellwaag (2), and others. 

Since spra3dng operations are finished for a given area in an extremely 
short time, the spray liquid must wet its object rapidly. Insects will escape 
and do their customary mischief, if for any reason areas are not covered by 
the spray, even though the insecticide possesses satisfactory toxicity. 



In the studies on the ehemistry of oil sprays carried on at the Washington 
Agricultural Experiment Station since 1Q23, the importance of wetting power 
has often recurred, but it was not thought possible to measure it. Within the 
present year, however, English (i) has published a description of a method, 
by which, with a simple apparatus, a measurement can be taken on a liquid 
and a solid which appears to define the intensity of wetting. The measure¬ 
ment is of the angle of contact. 

A treatment of the theory of wetting and the angle of contact that has 
been used in various other texts is given by Freundlich (ii,p.is7) and may be 
reviewed briefly. Fig. i Dlustrates a drop of liquid resting upon a solid. The 
edge of the drop may be considered a series of ultimate particles of liquid, as 
at P, which are subject to tension in three directions; due to the surface tension 
of the liquid, Ti, the surface tension of the solid, Tj, and the liquid-solid inter- 
facial tension, T12. 


* Published with the awroval of the Director of the Washington Agricultural Experi¬ 
ment Station as Scientific Fapra No. i^i College of Agriculture and Expoiment Station, 
State College of Washington, Pullman, Wash. 

** Assistant Chemist, Washington Agricultural Expohnent Station, Pullman, Wash. 

*** Numbers in the text refer to the mblit^raphy at the end of the paper. 
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It is now to be assumed, or conditions so regulated that the position of P 
upon the surface of the solid is determined by these tensions and no others. 
Then for equilibrium: 

Tj = Tis + Ti cos 0 

orCose-Ii^-^* 

lx 

Assuming, as do many authors, among whom Quincke (14) appears to 
have been the first, that these three tensions define the tendency of the drop 
to spread over the solid; the angle 0 may be used to measure that tendency. 
0 may not be less than zero nor greater than t (180°), and over this range the 
wetting power is great for small angles, being greatest when 0 is zero; and 
small for large angles. It reaches a minimum when 0 is x8o°, for which it 
has been said to be zero and theoretically to touch the solid at only one 
point. Many authors associate '‘perfect wetting” and a zero angle of con¬ 
tact, in which case the drop spreads out in a thin film over the solid surface. 



Fig. 2 illustrates two hypothetical cases. The adherence of the drop to 
the solid is manifestly greater in A than in B. 

To be valid for discussions based on this derivation the angle of contact 
must be measured when all other forces are prevented from affecting it. 
Also that portion of the liquid-air interface that is affected by no other forces 
in any case and displays the contact angle is extremely narrow. The rest of 
the surface of the drop is a smooth curve. 

To avoid some of these difficulties the method of the rotable solid surface 
was devised (6). The apparatus includes a wide-mouthed container for the 
liquid; a means for holding, raising, immersing and turning a specimen of the 
solid; and a device for measuring the angle which the surface of the solid 
makes with the horizontal free surface of the liquid. A complete description 
of a suitable apparatus is given by Stellwaag (2) and by English (i). 

For the purpose of the method, it is assumed that when a solid is partially 
immersed in a liquid, the free surface of the liquid always meets the surface 
of the solid in a definite angle of contact, fixed by the properties of the liquid 
and solid, no matter what aix^e the solid surface may make with the hori¬ 
zontal. Thus a portion of the surface of the liquid is generally compelled to 
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incline itself to the horizontal, according to this relation; and the surface 
joining this portion to the horizontal free surface assumes a smooth curve. 
Then if the solid is turned an inclination of the solid can be found for which 
the portion of the liquid surface constrained to turn with it will be horizontal. 
No warping would occur in the surface of the liquid, since it is now horizontal 
throughout, and this condition discloses the endpoint. The inclination of the 
solid surface to the horizontal is now the angle of contact, and is to be meas¬ 
ured by any convenient means. 

The following diagram illustrates the operation. 



In A is shown the condition when the angle of contact is 90°. In B it is 
greater than 90® and for the measurement the solid must be rotated to a 
position such as is shown in C. In D is shown the endpoint for an angle of 
contact less than 90®. It is to be added that it is best to arrange the apparatus 
so that the axis of rotation coincides with the line of intersection of the solid 
surface and the horizontal plane determined by the free surface of the liquid 

Experimental 

As a part of the study of oil spray materials, an extension of the data and 
observations of English and Stellwaag to the materials used in Wenatchee 
was undertaken. An apparatus was constructed as illustrated in the ac¬ 
companying photographs, after a study of the two reports available and of the 
experimental conditions. Some departures are evident, but the principle 
was carefully retained. The principal part of the apparatus is an axis long 
enough to turn steadily and without lateral motion. A handle by which to 
turn it was fastened at one end, and at the other was attached an arm by 
which an ordinary object clamp could be carried across the side of a vessel 
high enough to interfere with the axis itself. The axis itself was made hollow 
and cross-hairs were fixed in the object end. Thus with a mirror behind the 
jar the object could be shifted in the clamp and the height of the axis regulated 
with the rack and pinion of the microscope stand so that the line of sight, now 
also the axis of rotation, passed near the line of contact of the solid and liquid. 
This adjustment completed, the mirror was removed and a white background 
placed behind the jar for the observation. The liquid was illuminated by 
lamps so placed that the surface was thrown into sharp relief and the observa¬ 
tion was made by means of a three times magnifying telescope. To measure 
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the angles, a graduated circle was attached to the support and a pointer was 
fastened to the handle so as to travel over the circle as the object was turned. 

These arrangements made the location of the end point possible to within 
a degree or so. There remained, however, some difficulty in the location of 
the beginning-point, namely, the reading of the protractor when the surface 
of the solid stands exactly vertical. Due to irregularities of the object this 
could not always be depended upon to be 90 degrees. The cross hairs and 
other arrangements mentioned were able to assure a minimum of displacement 
of the object during rotation, but could not fix its direction. Since it had al¬ 
ready been decided to use apple twigs and glass rods for objects and these 
have approximately parallel sides, it seemed reasonable to simply read the end 
point first on one side and then on the other, and determine theta as half of 
180 degrees minus the difference between these readings. 

When the apparatus had been constructed it was turned over to Mr. 
James Marshall, a graduate student in entomology, to be used in the collec¬ 
tion of data for comparison with field trials and with the surface tensions of 
the same solutions. The data remain in his hands and may be published later. 
From the first, however, he claimed that the end-point lacked definiteness. 
Improvements in the visibility and in the mechanical precision of the ap¬ 
paratus did not remove the objection. He finally stated that, although there 
appeared to be an end-point, he could still see a thin sheet of liquid above the 
line of contact on the object, whether glass or twig, and could do nothing to 
prevent its presence there. This is, of course, altogether contrary to the 
behavior required by the theory at the end point. 

Review of Literature 

This statement was found to be true and a study of the present state of 
the theory upon which this method is based was begun. A curious survival of 
the method in spite of very serious objections was disclosed. For example, 
the angle of contact of water with glass has been definitely decided to be zero 
and has hardly been a subject of controversy for several years. Yet this set-up 
indicates for it a value in the neighborhood of 30°. It was noticed, however, 
that whenever an end-point was established, examination of the water surface 
under still higher magnification would discover some curvature remaining in 
the water surface, 

A brief review of the literature on the angle of contact and related dis¬ 
cussions leads back to the classical discourses on surface energy and surfaces by 
Laplace, well over a hundred years ago, A review occurs in Poynting and 
Thomson (8 pp. 173 ff). As long as these treatments are found to be valid, a 
consideration of the surfaces that form the angle of contact would be incom¬ 
plete without due regard for them. The experimental work on the angle of 
contact may be thought of as beginning with Quincke (14). He devised the 
method of measuring the angle of contact of liquids in drops and bubbles 
resting against solids, and it is believed that he originally published the 

derivation, sketched above, of the equation: Cos 0 = —- ' 
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His method, however, seems not to be altogether successful, as shown by 
Magie (15). In certmn cases it has contributed to the misunderstuidings as 
well as helped to di^l them, and it seems to require more study before it 
can become very useful. 

Bamsay and Shields (16) and Lord Rayleigh (17) became interested in the 
angle of contact because it introduced an unknown into their determinations 
of surface tension by the capillary elevation method. Their work definitely 
indicated zero as the angle of contact of water with glass. But the work of 
Richards and Carver (9) in 1921 and that of Bosanquet and Hartley (13) in 
the same year has surely disposed of that question permanently. Taking pre¬ 
cautions against evaporation, the one work describes the search for a break in 
the narrow beam of light reflected from the region about the line of contact. 
Bosanquet and Hartley allowed a little water to spread over a large glass 
plate and examined the edge of the sheet of water for a break in refraction. 
Had a real angle of contact occurred that was greater than 30 minutes of arc 
they believe they would have found it. 

Some difiSculty has been encountered in tracing the original authorship of 
the method of measuring angles of contact with the rotable solid surface. 
English (i) ascribes it to Stellwaag (2); Stellwaag credited it to Bosanquet 
and Hartley (13) or to Sulman (3). Bosanquet and Hartley are silent on this 
point, and Sulman states that it was devised by Dr, H. A. Wilson and was 
communicated by A. K. Huntington in the Faraday Society, 1905, under the 
title, “The Concentration of Metalliferous Sulfides”. Up to the present I 
have not been able to read this article. But from the quotations it is evident 
that it led to disagreements with the more exact methods of the physicists and 
physical chemists. Instead of taking up the vagaries of the results on bio¬ 
logical material like leaves and twigs, which introduce more complicating 
factors, it may be sufi^cient to point out that all users of the method find that 
it gives erroneous results with water and glass. Hence it can not be used in 
its present form for other liquids and other solids, where the results by this 
procedure can not be verified by recourse to other methods or previous work. 

Discussion 

It is self-evident that the finished spray must be capable of completely 
wetting the object sprayed, leaving no dry areas. Now wetting is said to 
occur when an object, on being dipped into a liquid, can not be completely 
separated from the liquid by the simple process of emergmice, for a film of the 
liquid adheres to the solid. More r^rous definitions are difiicult to set up. 
Wetting occurs, says Freundlich in “Colloid and Capillary Chemistry,” (1922) 
when the surface tension of the solid is greater than the stun of the surface 
tension of the liquid and the tension of the liquid-solid interface. Returning 
to the diagram of Quincke (14), Fig. i, the cosine of the angle of contact 
assumes its maximum value, one; Ibe becomes zero, and yet the surface 
tension of the solid is greater than the nun of the tennmaB that expose it. 
It is reasonable to expect, in general, that this indicate a value of the inter- 
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facial tension that is small in comparison with the surface tension of the solid. 
Millikan (7), twenty years earlier, said that if wetting occurred the angle of 
contact was zero. The fact that Freundlich used a zero angle of contact to 
define wetting and Millikan used the idea of wetting as a foundation for his 
approach to a zero contact angle shows that an intimate connection was a 
familiar idea. At any rate, the tendency of the liquid to spread over the solid 
has brought the angle of contact to an irreducible minimum, and its cosine to 
an ultimate maximum, but the tendency itself may not have reached a limit. 
The angle of contact is a bit of evidence over only a limited portion of the 
possible range of this tendency; which, according to Quincke’s notation as 
adopted by Freundlich is from Ts — Tij = — Ti to Tj — T12 = + Ti. Now 
from figures available today Tj (the surface tension of the solid) may be a 
hundred times as great as Ti (the surface tension of the liquid). When one of 
these terms is so large the total probable range must be very much larger 
than from minus Ti to plus Ti. 

The entomologist will probably never be content with wetting that re¬ 
mains within this range. In fact both physical chemists and physicists say, 
in effect, that where a finite contact angle is observed wetting does not occur. 
Therefore, nearly all of the 6pra3ring operations of today use wetting phenom¬ 
ena not characterized by contact angles. From this discussion, wetting power 
or wetability may be defined as the degree in which the surface tension of the 
solid exceeds the tension of the liquid solid interface. Following this concept 
there may be positive, negative, slight, or great wetting. 

Returning to the needs of the entomologist, it will not suffice to supply 
him with a spray liquid that will eventually spread over the objects to which 
he seeks to apply it. He works in many cases out in the open orchard; if his 
liquid is slow in spreading it will drain off the tree and finally evaporate be¬ 
fore it has attained complete coverage. He must have as much speed as 
possible without producing an excessively thin film of liquid; for then he will 
not be able to place upon the surface enough of the insecticide. Here, possibly, 
the mobility of the liquid plays a part. It is difficult to imagine good spraying 
being done with a viscous liquid. Yet it is also easy to imagine excessively low 
viscosity causing a troublesome run-off. The surface tension, also, from an 
inspection of Quincke’s formula, must not be too high. However, since water 
is to used be for the dispersing medium, it is perhaps idle to speculate upon 
viscosity and surface tension, because from considerations of expedience and 
expense they cannot be greatly altered. 

The remarks previously made about the magnitudes of Quincke’s quantities 
Ti, Tj, and Th are of importance in the case where the surface is contaminated 
with some other liquid or gas, as with air or grease. The surface and inter¬ 
facial tensions of these materials are of the same low order as those of water, 
hence wetting is retarded unless the spray liquid displaces them rapidly. The 
force with which the spray is applied may be sufficient to take care of the air 
film. Its action resembles rubbing the liquid into the solid with the fingers. 
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But in the case of certain hairy insects and plant organs tiiie difficulty has not 
been successfully met. In fact the factors operating to cause the difficult 
wetting have not been completely explained. 

The velocity of wetting might be proposed as a definition of “spreading” 
as the word is used by practical sprayers. 



There is still a word to be said about the diagram of Quincke. It has been 
pointed out that surface tension is not in every sense a force, but may also be 
regarded as potential energy. It is true that a surface acts like a stretched 
flexible cord. Nevertheless, according to the physicists, all its manifesta¬ 
tions are due to forces at right angles to the si^aces, and can be explained 
upon that basis. This aspect is neglected in the treatment by Quincke. 

Also there is the matter of that resolution of the surface tension Ti; 
letting it be considered a force for the moment. What has become of Ti sin 0 ? 
Why does it not curl up the edge of the drop? It ^ould; for it would appear 
that it is unopposed except by gravity, which is vanishingly ffinall for the 
mass at O. Perhaps it is taken care of by an attraction of the solid. Then 
there should be a smilar pull upon the adjacent liquid where the surface 
tension has no opposing effect. It wocdd appear tl»n tiiat the drop is not in 
equilibrium and spread over the scffid, making ^ contact an^e always 
snudler. 



OBSBBVATION8 ON WETTING POWEB 


929 


A rational consideration of the situation is possible when no forces are 
considered as capable of causing motion except those at right angles to the 
surfaces. For the fundamental theory, the following is taken from Millikan 
(7 p. 187): 

“It only remains to show why a liquid in a capillary tube assumes a curved 
surface—a task of no difficulty when it is remembered that a liquid surface 
can be in equilibrium only when it is perpendicular to the resultant force 
acting upon its molecules. This fact follows simply from the fact of the 
mobility of the particles. For, if the force acting upon the surface molecules 
had any component parallel to the surface, the molecules would move over 



Fig. 5 


the surface in obedience to this component, i.e. equilibrium would not exist. 
If, then, O N (Fig. 4) represents the line of Junction of a liquid with a solid 
wall; fi the resultant of all the forces exerted upon the molecules at o by such 
portion of the liquid as lies within the molecular range when the liquid surface 
is assumed horizontal and U the resultant of forces exerted upon the same by 
the molecules of the wall which lie either above or below the horizontal line 
pas«ng through O, then three cases may be distinguished: 

“i. That in which fi *= 2 f*. In this case, as appears from Fig. 4 the 
cohesion of the Uquid is exactly equal to twice the adhesion of the solid and 
liquid and the final resultant R is parallel with the wall. Hence, equilibrium 
exists in the condition assumed, i.e., the angle of contact is 90°. 

“2. That in which fi > 2f*; the resultant R then falls to the right of 

ON-. 
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“3. That in which fi < 2f». The resultant R then falls to the left of 
O N. (See Kg. 5). Hence equilibrium can not exist until the surface near 0 
has become concave and the angle of contact obtuse.” 

This is the case of greatest interest in this discussion and it seemed worth 
while to continue the examination of the resultants of the forces. 

The angle which Millikan calls alpha is the supplement of the angle theta, 
and this is called the angle of contact by many writers, especially the physical 
chemists. It is within the liquid and approaches zero for liquids that wet well 
and 180® for liquids that wet poorly. The case of a liquid and a solid whose 
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angle of contact 6 is less than 90° is illustrated in Kg. $. For this case, 
Millikan has shown in the above citation that fi < af*. This relation between 
the forces occurs at the instant when the solid has just been dipped into the 
liquid, the line of contact is beginning to rise with respect to the free liquid 
surface, and the angle 6, changing to attain its equilibriiun value, passes 
through 90° or w/a. It seems reasonable to suppose that, for the same liquid 
and solid, no matter what value 0 may have at a given instant, the force 
exerted upon the ultimate particle of liquid at O by the solid is constant. 
This assumption is made in vdiat follows and this force is railed Fg. It is the 
resultant of the two fj's of Fig. 4, and is equal to y^aft. The characteristic 
of the case imder discussion is that afj is quantitatively greater than fi, the 
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force exerted upon the ultimate particle of liquid at O by all the other mole¬ 
cules of the liquid that are near enough to affect it at the instant when 0 
passes through 90“. Let this difference be A. 

Then 2f2 = fi -|- A = y /sFs 

Now as theta varies the resultant of the forces exerted upon the ultimate 
particle of liquid at O by all the other molecules of liquid that are near enough 
to affect it may not be constant. The range beyond which these forces may 
be neglected is represented in the figures by the circle. It has been reported 
to be between a ten-thousandth and a millionth of a millimeter (s). If this 
variable force is called then only as 0 passes through and is momentarily 
equal to 90®; Fl = fi. 

New let 0 , the angle of contact, diminish by the climbing of the liquid, 
according to the conclusion for this case reached by Millikan. Fig. 6 repre¬ 
sents a certain instant when it is less than 90® and greater than zero. The 
liquid within the molecular range of O is contained in the segment of the 
circular cylinder whose base is the segment of the circle cut out by the angle 0 
and whose altitude is the unknown, but constant length of the line of contact. 
Therefore this volume is linearly proportional to 0 expressed in radians. And 
if the forces summed up in Fl are in proportion to the number of molecules 
exerting them, then Fl is likewise proportional to 0 . That is 

Fl = C (an unknown constant) X 0 and when 
0 = ir/2, Fl = fl = C X tt/z 

As Millikan has shown, Fl lies along the bisector of 0 . It is so represented 
in Fig. 6. 

Now let Fl, which is assumed to be constant, be resolved into OS parallel 
to OW, the line of action of Fl, and OR perpendicular to it. OW represents 
Fl in magnitude and direction. From W lay off WT equal to OS. Then the 
resultant OP of OR and OT represents the resultant in magnitude and direc¬ 
tion of those forces acting upon the ultimate particle of liquid at O that have 
been taken into account in this discussion. It makes an angle ROP with OR, 
whose magnitude is to be determined. 

By various elementary propositions in geometry the angles MOW, WON, 
SQO and QOR are all equal to 0/2. 

Now let it be assumed that the liquid has attained equilibrium and has 
ceased climbing, and attempt to derive an expression for 0 in terms of the 
constants A and C. As has been quoted above from Millikan, who takes it 
originally from Laplace, at equilibrium the final resultant OP must be per¬ 
pendicular to OM, the surface of the liquid; that is POM must be a right angle. 

NOQ and QOR have been drawn to be right -angles. 

Then at equilibrium the angle ROP is equal to 0/2. 

Also OT « OS « TW 
2 0 S.« 0 W 
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Now OS « OQ sin ~ * Fs sin - 
2 2 

fi + A , 6 

sEs -=— gin — 

V2 2 

== -7= (C X - + A) Sin - 

V2 2 2 


And OS 


ow cxe 

..s . . 

2 2 


Substituting and simplifying 


= _L(CX- + A)8in- 

2 V 2 2 2 


sin6 Vs ~ C 


If the assumptions made may be justified, and if no other forces need to 
be taken into consideration, it may be stated that, for given values of A and 
C, equilibrium will not exist except for some value of the angle 6 that satisfies 
the equation: 

Q a- JL 4. 
sin 0 Va C 

0 

Now the term . has the value t at 0 = x (180®): 2.220 at 0 = x/2 

sm0/2 

(90°); and from this value it decreases slowly but steadily for decreasing values 
of 0 until, for such small angles that sin 0/2 may be set equal to 0/2, it be¬ 
comes exactly 2. The right hand side of the equation has the value 2.2202 
X 2A/C. Thus, if A were zero, 0 equal to x/2 would satisfy the equation, 
which is Millikan’s case 1 quoted above, under Fig. 4. 

But if A and C are real, positive quantities, as has been assumed, no value 
of 0 between O and x/2 will satisfy it. Thus the tendency of the liquid to 
climb will not be limited by reaching an equilibrium angle. The inf^nce 
may be drawn that, as Millikan (7) shows for “perfect wetting”, the liquid 
will continue to chmb up the solid until it becomes a sheet so thin that Fl may 
be said to vanish. Then the resultant force upon the upper margin of this film 
of liquid is simply Fs, which is perpendicular to the si^ace of the solid and 
thus also to the surface of a thin sheet of liquid adhering to the solid. Then 
equilibrium, as far as these forces affect the orientation of the surface of the 
liquid will be established. The liquid may climb still higher than would be 
required to arrive at Ibis condition, as may be observed with water upon 
glass. The solid, in such cases, seems to press ibe liquid against itself fmd 
causes a thin film to rise above the level of the main body of the liquid until 
it is halted by a combination of gravity and surface tension. 



OBSERVATIONS ON WETTING POWER 


933 


It is to be emphasized that these conclusions have been reached by con¬ 
sidering only the magnitudes and presumable directions of the cohesive forces 
of the liquid and of the adhesive forces displayed between the liquid and solid. 
The emplosrment of the terms “wetting” and “perfect wetting” has been 
successfully avoided. This is desirable because they have not been clearly 
defined and are not easy to define, and because different writers have not the 
same conception of them. 

Conclusion 

The data are not submitted for the reasons given above and further be¬ 
cause it has been possible to show that the values obtained depend more on 
the characteristics of the apparatus than on the properties of the experi¬ 
mental materials. 

The phrase “if no other forces enter,” and their equivalents deserve some 
emphasis. It is known that with exact technique some angles less than 90° 
and greater than zero can be found; compare, for instance, Bosanquet and 
Hartley (13). The possibility of other forces must not be neglected, although 
for the purposes of this paper it is impossible to evaluate them. The profound 
modifications of surfaces by small amounts of contamination are well known 
(4,10,12) and for this reason the consideration of the wetting of solid surfaces 
by liquids such as mixtures, solutions, dispersions and emulsions must be 
approached with the utmost caution. One of the components may be selec¬ 
tively adsorbed, and thus phenomena observed and referred to one set of 
causes when an entirely different set are responsible. 

Finally it must be considered that there must be another fluid already in 
contact with and perhaps very strongly adsorbed upon the surface of the solid. 
That fluid is the gases of the atmosphere, and the fact that it is gaseous and 
not liquid brings about quantitative rather than qualitative differences in its 
behavior toward surfaces. 

Stellwaag (2) gave considerable thought to what appears to be a resistance 
of the air film to displacement. Thus he says “The bare spots upon leaves 
which wet can be made to disappear if the water is spread uniformly over the 
leaf or if it is applied to the surface with great pressure. It then penetrates 
into the interspaces between the outgrowths (of the leaf) and after that is 
carried along by capillarity.” Now if the angle is changing, such as when 
the water is “carried along by capillarity” it can scarcely be accurately meas¬ 
ured. If a steady state has not been reached when the angle of contact is 
measured the value obtained will be dependent upon many other factors. It 
would appear, upon reflection, that a steady state, or equilibrium, must be 
awaited, no matter how long that takes. 

It would seem that emphasis upon the necessity of a plane surface as a 
foundation for angle of contact measurements is superfluous. Nevertheless, 
according to their own statements, several of the investigators have pro¬ 
ceeded to determine the angle of contact of liquids with surfaces such that 
even remote accuracy in the orientation of the tangent that is to represent 
the solid plane surface is out of the question. Such are segmented andi others 
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wise convoluted larvae, more mature insects, leaves with ribs, and stems with 
nodes and scars. Furthermore, they have not allowed for the effects of hairs 
and other outgrowths that still further modify these surfaces. 

It was intended at the start to endeavor to relate these measurements to 
glass so that glass might be used as a reference surface if it could be shown 
that parallel variations occurred on tree tissue and glass. This has had to be 
abandoned for the reasons as summarized below: 

1. The set-up as described permits the operator to deceive himself into 
the belief that the angle of contact is much larger than it is unless the observa¬ 
tion is confined to an ultimate film of the liquid, no wider than the range of 
action of the molecular forces and above which is perfect dr3mess. 

2. The question of the establishment of equilibrium enters too largely 
into the problem. If equilibrium is established when the measurement is 
taken no information is obtained regarding the ease of replacing the air film 
and other factors tending to retard spreading. The rapidity of spreading is of 
as great if not greater importance in spraying than the angle of contact where 
this is less than 90 degrees. With this method the measurement can not be 
taken accurately until equilibrium is established. 

3. The materials that are to be wetted are not suitable to measurements 
of the angle of contact. 

Acknowledgment is gratefully accorded to Dr. R. O. Hutchinson for 
suggestions and criticisms in the theoretical considerations. 
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THE DECOMPOSITION OF MERCUROUS CHLORIDE IN 
CONCENTRATED SOLUTIONS OF OTHER CHLORIDES* 


BY T. W. mCHABDS AND MABCEL FRAN9ON** 

L Introductum 

In 1885, Gockel* published a paper when he was studying cells for which 
there was a difference between the total chemical heat and the part of it which 
is transformable into electrical energy. Gibbs’ work was not well known 
then and often it was asked what relation, if any, there was between heat of 
reaction and electrical energy. They spoke of “free” and “bound” energy. 
Today it seems clearer to us to use the functions of “heat content” and “free 
energy,” which are well defined and which enable us to express the correct 
relations in a simple and accurate way, by the following formulae: 


(AP)p^t — E dq 

(i) 

Edq-t-(AH)p = T(^)^dq 

(2) 

(^)i. f ^ 

(3) 


where F, E, H, dq, P, ACp, T represent respectively the free energy, the 
electromotive force .of the cell where the reaction considered takes place, 
the “heat content,” the amount of electricity passing through the cell, the 
atmospheric pressure, the change of heat capacity at constant pressure, the 
temperature. 

Gockel studied cells, the two ends of which were at different temperatures, 
so that he might get information on the temperature coefficient of the elec¬ 
trode potential. He found that for cells of the general type: 

Hg/Hg*CL/MCl/Hg2Cl*/Hg 

the electromotive force depended on the salt solution, and explained that 
phenomena by the decomposition of mercurous chloride into mercury and 
mercuric chloride,—decomposition which depended on the salt solution used. 
Richards^ afterwards studied the same cells and found that the cation of the 
electrolyte influences the temperature coefficient of the potential of the 
calomel electrode, the disturbing influence being decreased very much by 
dilution. Attention was thus drawn upon the reaction: 

__ Hg2:;=±Hg -I- HgCU. 

* Contribution from the Chemical Laboratory of Harvard University. 

** The research reported in this paper was undertaken imder the direction of Professor. 
T. W. Richards, at the Wolcott Gibbs Memorial Laboratory, and finiriwd after Professor 
Richards’ deafji, in 1938. The junior author is responsiUe tor the form of the following 
article. 

‘ Gockel; Wed. Ann., 24 , 6i8 (1885). 

* Rudiards; Proc. Am. Acad. Arts. 1 ^., 33 , 3 (tSp^). 
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The action of common salt upon calomel seems to have been noticed by 
J. Capellina;^ Proust,* then Miahle* studied it. A. Larocque^ claimed that 
solutions of alkali chlorides dissolve calomel without changing it simul¬ 
taneously into mercuric chloride and mercury, for, when the solution is agi¬ 
tated with ether, no mercuric chloride is extracted by that solvent. Ruyssen 
and Varenne® measured the solubility of mercurous chloride in different 
amounts of hydrochloric acid and found that the solubility increases as the 
proportion of acid increases. According to Ditte® calomel is feebly dissociated 
by cold water, but much more by hot water; in the presence of an alkali 
halide, a double salt is formed which disturbs the equilibrium of dissociation 
and more calomel is dissolved. This continues until the double salt is also 
in equilibrium with its components. For S. Hada,^ dissociation fully ac¬ 
counts for the decomposition of mercurous chloride into mercuric chloride in 
aqueous solution, without any oxidizing effect of air. He made some quan¬ 
titative measurements and found that potassium chloride has a much greater 
action than hydrochloric acid which, already, had a great action on the de¬ 
composition of mercurous chloride. Neither light nor oxygen are important 
causes in effecting the decomposition, but the reaction is much furthered 
by increase of temperature. Richards found also that light has no consider¬ 
able effect on the reaction and that dissolved air is not the essential factor. 
Later, Richards and Archibald* found that the decomposition of mercurous 
chloride into mercuric chloride is more marked with sodium chloride than with 
hydrochloric acid, more marked with hydrochloric acid than with barium 
chloride, with barium chloride more than with calcium chloride, the action 
being scarcely perceptible with cadmium chloride. 

Gewecke® also studied the phenomena which he explained by the formation 
of a double salt between mercuric chloride and the alkali chloride. Richards 
and Singer^® found the action of strontium chloride less marked than the 
action of barium chloride, but more than the action of calcium chloride. 
The action of magnesium chloride at first more marked than the action of 
calcium chloride, became, when the concentration was increased, less im¬ 
portant than the action of calcium chloride, and passed by a maximum at a 
concentration of four times normal. One determination showed that the 
action of zinc chloride is less marked than the action of magnesium chloride. 
It was pointed out that the great difference between the action of zinc chloride 
for instance, and that of potassium chloride could be found in the differences 
in tendency of the chlorides ‘‘to form a soluble double salt.^’ 

^ J. Capellina; Manuscript 58 de la Bibliotheca Madrid (1576); cf. J. W. Mellor: Com¬ 
prehensive Treatise on Inorgamc and Theoretical Chemistry. 

'* L. J. Proust: J. Phys., 81 , 321 (1815). 

• M. Miahle: Ann. Chim. Phys., (3) 5 , 177 (1842). 

^ A. Larocque: J. Pharm. Chim. (3) 4 , 9 (1843). 

^ £. Ruyssen and £. Varenne: Compt. rend., 92 , 1161 (1881). 

•A. Ditte: Ann. Chim. Phys., (5) 22, 558 (1881). 

’ S. Hada: J. Chem. Soc., 89 , 1667 (1895). 

• T. W. Richards and E. H. Archibald: PToc. Am. Acad., 37 ,13, 347 (1902). 

• J. Gewecke: Z. physik. Chem., 45 ,684-896 (1903). 

This investigation has not been published, but use is made here of the qualitative results. 
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2. Object at tbe Present Investigation 

Detemunations of the action of concentrated solutions of potassium 
chloride, lithium diloiide, caecum chloride, at 9S°C. on mercurous chloride. 

3. Method and Apparatus 

Calomel was treated with solutions of alkali chlondes of various concen¬ 
trations for six hours in a thermostat. The extent of the reaction was ob¬ 
tained by determining the amount of mercury dissolved. 

The same detmls of procedure as those described by Richards and Archi¬ 
bald were made use of: large test tubes of 6o cc. capacity, corked with rubber 
stoppers (boiled with dilute alkali, rubbed and washed); into each tube, a 
large excess of calomel, about a decigram of mercury and about 50.cc. of one 
of the chloride solutions used. The test tubes were placed in a big thermostat, 
and continually rotated for six hours at 25° C ± 0.02. It was found that 
after six hours, the equilibrium had been reached. 

The mercury in solution was determined by precipitation with hydrogen 
sulfide, collected on a Munroe-Gooch crucible, washed with alcohol, carbon 
disulphide, again with alcohol, and finally dried at 100°. Analsrses were 
always made in duplicate. In all cases, except one with caesium chloride, 
the concentrations of the chloride solutions were determined by analsrsis; 
the silver chloride formed by precipitation was weighed in Munroe-Gooch 
crucibles. 

The densities of the solutions of lithium chloride and caesium chloride were 
determined with a pycnometer; ordinary corrections for the buoyancy of air 
were made. The densities of potassium chloride were obtained from a dia¬ 
gram constructed by means of the figures of Wagner.^ 

It ought to be rememberd, as Richards had stated about his work with 
Archibald, that : “In this paper, no evidence is given concerning the size of 
the grains of calomel. Ostwald.... has shown that this may be an important 
factor in determining the concentration of a saturated solution, and hence 
in fixing the basis of the present equilibrium. Concerning this point, it need 
only be said that while the absolvte extent of solubility may vary with the 
size of the grains, the relative resviUs upon which alone the conclusions of this 
paper are founded, are not affected. This is the case because the same prepara¬ 
tion of calomel was used in every instance.” 

The chloride solutions, before and after reaction with mercurous chloride, 
were tested with phenol-phthalein and methyl red; the ph was between 6 
and 9. That the mercury in solution was, in part at least, in the mercuric 
state was made sure of: a solution of permanganate never suffered an appre¬ 
ciable trace of reduction; stannous chloride gave a definite white precipitate 
of calomel (ttm last test could not be used with caesium chloride because of 
the insoluble double salt formed with stannous chloride). 

1 Wagner: Z. phyaUc. Chem., S, 36 (1890). 
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4 . Preparation of Material 

The mercurous chloride used was Baker^s mercurous chloride; its analysis 
was N.V.M.: 0.002%. Potassium chloride was purified by two recrystallizations 
of Baker^s analysed potassium chloride, C. P. Strontium chloride was puri¬ 
fied by two recrystallizations o^ Baker^s chemicals, C. P. Lithium chloride 
was obtained from lithium nitrate prepared in connection with the atomic 
weight of lithium, and very pure. The nitrate was transformed into chloride 
by several evaporations of its solution with hydrochloric acid (purified by 
distillation) until no vapours of chlorine appeared, then crystallized. 

Caesium chloride was prepared from pollucite which was attacked by 
hydrochloric acid as shown for the determination of atomic weight of caesium,^ 
then the chloride solution was precipitated by perchloric acid, the per¬ 
chlorates were recrystallized three times; the perchlorate was transformed 
into chloride by heating, and the chloride crystallized twice. 

One solution of caesium chloride was made with pure and dry caesium 
chloride prepared by Mr. Root. The dry salt was weighed and the solution 
weighed, and the density was determined with a pycnometer. In the ex¬ 
periments with lithium chloride the solution containing mercury was analyzed 
by taking a known volume of the solution (measured with a calibrated 
burette). 

The results are given in the following tables and represented in the ac¬ 
companying diagram, as well as the data of Richards and Archibald. 

Table I 

Mercuric Chloride found in Solutions of Potassium Chloride 


Weight of 
Solution 

Weight of 
HgS 

HgCh per 
1000 cc. of 
Solution 

Average 

KCl in 
weight 

/C 

Density 
of the 
Chloride 
Solution 

Normality 
of the 
Chloride 
Solution 

81.36 

0.0024 

0.035 





6 

00 

0,0023 

0.034 

0.035 

53-94 

I 033 

0.7s 

82.63 

0.0024 

0.035 





82.69 
84.41 

O.OIIO 

O.OIII 

0.165 

0.167 

0.166 

11.23 

1.074 

1.62 

46.39 

82.02 

0.0208 

0.0375 

0.592 

0.589 

0.590 

18.03 

1.131 

2.73 

48.843 

45 463 

0.0449 

0.0420 

1.258 

1.252 

1.256 

23-67 

1.167 

3-70 

44.87 

S 7 - 7 S 

0.0504 

0.0666 

1-548 

1-592 

1-570 

25-50 

1.181 

4.05 

55 - 92 * 

56.20* 

0.0669 

0.0678 

1.659 

1-673 

1.666 

26.2 

1.188 

4.17 


* These last data were found by Mr. S. K. Singer. They have been corrected for a 
slight error in calculation. 

1 Cf. T. W. Richards and Marcel Frangon: J. Am. Chem. Soc., SO, 2162 (1928). 
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Mercuric Chloride found in Solutions of litibium Chloride 


Wdght of 
Solution 

Weight of 
HgS 

HgClsingFamB 
per liter of 
Solution 

Densi^ of 
lia 

Solutions 

UCSi% 

in 

grams 

Nmmality 
of the liCl 
Solution 

88.80 

99.86 

0.0038 

0.0040 

0.050 

0.047 

0.049 

1,0277 

5.26 

1.27 

44 01 
38.48 

0.00565 

0.0054 

0.153 

0.168 

0.160 

I .0619 

11*37 

2.87 

38 -97 
35-01 

0.0099 

0.0088 

0.396 

0.293 

0.294 

1.1001 

17.89 

4.64 

26.90 

25*15 

0.0075 

0.0070 

0.325 

0.325 

0.325 

1.1138 

21.07 

5-56 

26.00 

23*93 

0.0086 

0.0079 

0.386 

0.385 

0.386 

1.1578 

26.9 

7-34 


Mercuric Chloride found in Solutions of Caesium Chloride at 2 S®C 


Weight of 
Solution 

Weight of 
HgS 

HgClsper 
1000 cc. of 
Solution 

Average 

Density of the 
Solution 

Normality 

57*7437 

50.5039 

0.0513 

0.04465 

1*355 

1.346 

1*35 

1.307 

2-45 

86.7684 

75*840 

0.0203 

0.01765 

0.3246 

0.3228 

0.324 

1.188 

1-51 

25*410 

27.148 

0.00070 

0.00075 

0.0349 

0.0339 

0.0344 

1-0577 

0.476 

Mercuric Chloride in Solutions of Strontium Chloride at 2 S®C 

Density of 
Strontium 
chloride 
solution 

normality 

Weight of 
Solution 

Weight of 
HgS 
in gr. 

HgCls in 
one liter 
of solution 


1.240 

3-59 

36.3825 

75 1814 

0.0072 

0.0142 

0.286 ) 
0.279 j 

' 0.283 


The intere^ing outcome of this investigation is that lithium chloride is 
the salt of the alkali and alkaline-earth metals which affects mercurous 
chloride the least, while caesium chloride is the Balt whidi affects mercurous 
chloride the most. 

^ The diagram enables us to compare the action erf a twice-normal solution 
of e'ach chloride on mercurous chloride. 
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Twice Normal 

Weight of HgCls in 

Twice Normal 

Weight of HgCls in 

Solutions 

grams per hter of 
solution 

Solutions 

grams per liter of 
solution 

LiCl 

0.09 

HCl 

o.iS 

CaCl, 

0.08 

KCl 

0.28 

BaCU 

O.II 

CeCl 

0.70 

NaCl 

0.14 




These figures show the respective positions of the curves. It is to be no¬ 
ticed that at higher concentrations LiCl is less active than CaCU, and HCl 
less active than NaCl, so that the order given above must be changed some¬ 
what; but there are certain regularities which must be pointed out; 

The greater the molecular volume of the elements of the same valence, the 
more important the action of the chlorides is. Manifestly, each chloride 
acts in a specific way. 
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5. Inteipretatioxi of the Results 

The results obtained by all the workers who have studied the action of 
concentrated chloride solutions on mercurous chloride point out that the 
reaction at the basis of the phenomena is the decomposition of mercurous 
chloride into mercury and mercuric chloride. It is probable also that the 
equilibrium is disturbed by the nature of the solution; and that a complex 
compound is formed. 

At first it seemed that the decomposition of mercurous chloride might 
be explained by the formation of a complex ion made up of mercuric chloride 
and chlorine ion. The specific action of the chlorides on the decomposition 
of mercurous chloride has been explained thus, for it was believed that the 
different alkali chlorides had different degrees of dissociation, furnishing 
therefore solutions of different concentrations in chlorine ions, for the same 
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total mdaHty. Bat that position is hsurdly tenable nowadays. The d^prees 
of dissociation of the halides of the alkali metals as well as of hydroohlorie 
acid are not considered now as being very differ^t. Indeed th^ daim 
sometimes that the chlorides are completely dissociated althou^ the ratio 
of the electrical conductivities \/\» for a given solution referred to an 
infinitely diluted solution of the same salt vary from 0.83 to 0.93. But 
Kohlrausch’s law of the constancy of the mobilities is not considered to hold, 
and Lewis calculated the degrees of dissociation in taking the variations of 
the mobility with concentration into account. By calculating the ratio of 
the degree of dissociation a of a number of electrolytes in tenths molal solution 
to that a' of KCl, Lewis found that for all the hahdes of the alkali metals and 
HCl, KOH, NaOH, the ratio a/a' lies between 0.99 and 1.02. At higher con¬ 
centrations, of course, there would be much greater differences between the 
different halides; but, as Lewis points out, what is exactly the meaning of 
“degree of dissociation?” According to the modem theories of matter, polar 
compounds are formed of ions held to one another by electrostatic forces; 
whether those ions are “free” or not is therefore only a matter of definition, 
and it seems that the “concentration” of an ion has little rignificance, and 
may not be defined without some arbitrariness. 

In fine, it is hardly possible to explain the differences in the actions of 
the alkali chlorides on mercurous chloride by the “concentration” of the 
chlorine ion. Two methods of attack seem to offer themselves for the study 
undertaken: a purely thermodynamic one based on the general principles 
derived from experience itself, and a treatment of the phenomena based on 
various mechanisms. 

It is assumed, however, in both cases that the mass action law applies to 
solutions. 

In a strictly correct thermodynamic treatment for solutions which are not 
dilute, the so-called mass action law holds good not for the “concentrations” 
but for the “activities” of the substances involved. The ratio of the activity 
to the molality of the substance concerned, f a/m, is the activity coeffi¬ 
cient. 

When a solid salt is in equilibrium with its solution, the activity of tiie salt 
in solution is constant, and the activity coefficient is inversely proportioiud to 
its molality; so that the activity coefficient of a salt whose solid phase is pres- 
entmaybecalculatedfrommeasurementsof its solubility. At first it seems that 
the problem of mercurous chloride, is also susceptible to the treatment just de- 
smbed. But the problem is more complicated, as, indeed, not only do we 
face the question of the variations of the activity coefficient of mercurous 
chloride as such in presence of other salts, which is tire clasrical and simple 
case, but, besides, there is the decomposition of mercurous chloride into 
mercury and mercuric chloride, and the disturbance of the equilibrium by 
the action of other chlorides, so that it might be said that at least two phe¬ 
nomena are taking place at the same time—^the variations of the activity 
coefficient of mercurous chloride in the salt sohitions, and the variatbns of 
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the activity coefficient of mercuric chloride under the influence of other 
chlorides. It seems that the problem can not be treated adequately by sim¬ 
plifying it and assuming that one has to deal only with the variations of the 
activity coefficient of a single salt whose activity remains constant. The 
treatment of the question from a thermod3mamic point of view must take 
account of the chemical reactions which actually take place, for indeed, the 
mercuric chloride must have a '^potentiar^ of its own as well as the mercurous 
chloride. 

Let us now turn to the consideration of the mechanism of the phenomena. 
We may express the equilibrium between solid mercurous chloride and its 
solution, the decomposition of mercurous chloride into ions, the oxidation 
of the mercurous ion, by the following equations: 

Hg2Cl2 (solid) Hg2Cl2 (in solution) (i 

Hg2Cl2 (in solution) 5 ^ Hg2"*^ + 2CI" (2 

Hg2++ qzi Hg++ + Hg (3 

It is known that the mercuric ion^ never exists to a great extent in solu¬ 
tion. Luther,2 indeed, studied a solution of mercuric chloride saturated at 
25®C; according to him, such a solution contains in mols per liter: HgCL = 
0.26, HgCl~*= 0.00015; Hg"^ == 0.00033; CP = 0.00048; Hg++ = 10“®; 
HgCL— = 5 X 10^; therefore the mercuric ion produced according to (3) 
must react with the other ions present in the solution according to the follow¬ 
ing equations: 

Hg++ + n Cl- ^=*1 (HgCl„) (4 

and n' Hg++ + n Cl" + n' M+ ^ [M„- HgCl„] - “ + 2 ”*) (S 

The mercuric ion might also react with the mols of water, as expressed in the 
following reaction: 

n' Hg++ + n Cl- + n' M+ + n"" HjO [M„. HgCl„ (6 

In otherwise pure water mercurous chloride is soluble to the extent of 
0.0028 gr. at 24° C. in one liter of water, according to Kohlrausch. If the 
solubility® of mercurous chloride were not accompanied by the oxidation of 
the mercurous ion and corresponded only to equations (i) and (2), the addi¬ 
tion of extraneous chlorine ions into the solution would repress the decom¬ 
position of mercurous chloride into ions by favouring the combination of 
the mercurous ions with the chlorine ions, according to equation (2) read from 
right to left. That is, indeed, generally what happens with salts in solutions 

1 Cf, D. Carnegie and F. Burt: Chem. News, 76 , 174 (1897); also W. Biltz: Z. physik. 
Chem., 40 , 199 (1902). 

* R, Luther: Z. physik, Chem., 47 , 107 (1904). 

* It is suggested t^t the ion HgCP might simply have been dissolved mercurous chlo¬ 
ride, Hg2Cl«. However, the existence of the ions HgCP was established by H. N. Morse: 
Z. physik. Chem., 41 , 733 (1902). 

* The solubility of mercurous chloride is not determined without some arbitrariness. 
When mercurous chloride is finely divided it is 10% more soluble than when coarsely 
crystalUne. Cf Sauer: Z. physik. Chem., 10,301 (1904). 
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oontaininf an ion in common with them. But the fmrmation of mNoury 
according to (3) ia an undoubted fact which corresponds to othor i^nmneaa 
of the same sort. Behrend^ found that mercurous iodide decomposed in 
solution in water into mCroury and mercuric iodide. gjso studied the 
last phenomena, while Abel* studied the fdienomena cmrespmiding to (3) and 
found, for the reaction shown by the equation read frmn left to right, that the 
constant of the equilibrium K is 120. Reciprocally, when a solution t>f mer< 
curie nitrate* is placed over mercury, there is formation of mercurous nitrate. 

The concentration of the mercuric ion depends on temperature, since it is 
found that the reaction represented by (3) from left to right is the more 
marked, the higher the temperature. Hence, it is inferred that temperature 
will influence the solubility of mercurous chloride. 

Therefore, it seems fairly certain that the equations (1), (3) and (3) rep¬ 
resent correctly what is taking place. That the mercuric ion thus form^ 
reacts with the substances present in solution seems also very probable, and 
it is understood how the removal of the mercuric ion from the solution would 
promote the solution of mercurous chloride. 

. It is very likely that complexes are formed. Richards , and Archibald 
thought there might be a complex ion, HgCU ; experiments byDawson* 
show indeed that there are complex ions in solutions containing mercurous 
and mercuric chloride. Sand and Breest* assume the formation of HgClt~. 
Thus the action of the chlorine ion is clear. The presence of chlorine ions, by 
being favourable to ihe formation of complexes, tends to increase the solu¬ 
bility of mercurous chloride instead of dinunishing it, as it would appear at first. 

But the cation also has an influence on the solubility of mercurous chloride. 
The cation also helps to form complexes, as equations (^) and (6) show, thus 
favouring the removal of mercuric ions from the solution, and causing there¬ 
fore a further production of mercuric ions, and ultimately a greater solu¬ 
bility of mercurous chloride. 

The action of the cation may explain the differences in the solubility of 
mercurous chloride in different chloride solutions. If indeed cations differ 
in their tendencies toward complex formation, as this tendency increases, 
more mercuric ions will be removed from the solution, and ultimately the 
solubility of mercurous chloride will be greater. 

The determinations of solubility of mercuric chloride with alkali chlorides 
in aqueous solutions gave evidence of the formation' of five double salts of 
CsCl and HgCU, three between KCl and HgCU, one between NaCl and 

‘ Behrend: Z. phyeik. Chem., lii, 199-247 (1936). 

• Ogg: Z. physik. Chem., 27 , 285 ^898). 

* Abel: Z. anorg. Chem., 26,361 (1901). 

* Arthur Jacques: “Complex lone.” 

‘ Dawson: J. Chem. Soc., 95 , 870 (1909). 

• Sand and Breest: Z. physik. Chem., 59 ,434 (1907). 

’ Wells: Am. J. ScL, 44 , 221 (1892)1 H. W. Foote: Aid. Chem, J., 30 ,339 (1903); H. W. 
Foote and F. L. Haigh: J. Am. Chem. Soc., 35 ,459-462 (1911); of. also H. W. Foote and lu 
H. Levy: Am. Chem.J., 35 , 236 (1906). 
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HgCl2 (although BonsdorP has described two double salts between NaCl 
and HgCU). The formulae given for these salts do not seem very certain; 
they are: NaCl . HgCU . 2H2O; 2KCI . HgCU. H2O; KCl. HgCh . H2O; 
KCl . 2HgCl2. 2H2O; Cs^HgCU; Cs2HgCl4; CsHgCb; CsHgCU; CsHg2Clii. 

Foote and Martin* studied the specific electrical conductivities of solutions 
on one mol of CsCl, KCl, NaCl, respectively in v liters of the molten mercuric 
chloride at 2&2^C. Their results are: 



CsCl 

KCl 

NaCl 

V 

30 

30 

30 

conductivity 

44 

38-5 

28 


while the conductivity of molten mercuric chloride alone is extremely small, 
if there is any. Foote and Martin explain these figures by the formation of 
complex ions such as MHgCU" and MHgCl^—. 

Thus it is shown that the different alkali metals have different tendencies 
toward complex formation, and the action of a chloride on the solubility of 
mercurous chloride may be considered, to a certain extent, as twofold: the 
action of the chlorine ion and the action of the cation, although these two 
actions exert themselves at the same time and the distinction is somewhat 
formal. 

Let us examine more closely which different complexes might be formed. 

Richards found that ‘^the dissolving of mercuric chloride to saturation 
in a twice normal solution of common salt diminished but slightly the con¬ 
ductivity of the solution.^^ LeBlanc and Noyes* measured the effect of 
potassium chloride and sodium chloride in solution with mercuric chloride 
on the freezing point and found evidence of the formation of complexes of the 
type KHgCU, and diminution of the number of molecules in the solution. 
A. Benrath^ found that the action of sodium chloride and potassium chloride 
in aqueous solutions with mercuric chloride on the raising of the boiling point 
gives results which may be explained by the formation of complex salts. 
Sherrill,® basing his conclusions upon experiments on electromotive force, 
solubility, freezing point, and partition, seems to lean toward formation of 
complex ions of potassium chloride and mercuric chloride of the following 
formula [(Hg X2 )to Xn] where m = i and n = 2, for most concentrations. 

Richards and Archibald considered the complexes of mercuric chloride 
and alkali chlorides as highly ionized. It might be possible, on the other hand, 
for the complexes formed to be undissociated, for the fraction of the alkali 

^ Bonsdorf: Pogg. Ann., 17 ,115 (1829). 

*H. W. Foote and N. A. Martin: Am. Chem. J., 41, 454 {1909); H. W. Foote and L. 
H. Levy; 35 , 236 (1906), 

* M. LeBlanc and A. A. Noyes; Z. physik. Chem., 6, 401 (1890). 

* A. Benrath: Z. anorg. Chem., 58 , 257 (1908). 

* Miles S. Sherrill: Z. physik. Chem., 43, 700 ( 1003 ). An interesting discussion on the 
complexes between Hg^CL and NaCl, and KCl, on their relative dissociation is to be found 
in a paper by C. Tourmcux: Ann. Chim. Phys., 11, 225 (1919). 
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chloride which would be taken up to form an uiidiasoinated complex would be 
smaQ. The question, therfore, ot knowing whether the ccnnpliUEm are in tiie 
i<mic stage or are non-electrolytic molecutes cannot be solv^ without some 
uncertainty. 

One noay tty with the help of Werner's conceptions about complex (xho* 
pounds to give a representation of the complexes formed. It can be assumed 
that mercury may form complexes in which mercury would have a coordina- 
tion number of four or six, according to the case, and in which neutral mole¬ 
cules of chlorides may play tiie same part as do water or ammonia motecules 
in other complexes. For instance, in a similar way, the following formula: 

/CsCn 

H* 0 ™)Cr^--CsCl Cls has been proposed for the salt which is often given 
■••HjO _ ++4- 

" Cl* 1 

the following formula Cr Cl. 2 CsCl; that last formula seems in- 

L (H*0)4_ 

deed more likely to Urbain^; but, as Urbain points out, the substitution of salt 
molecules for water molecules has often been suggested, however, as, for 
example, to connect the double sulfates of the magnesium series to the simple 
sulphates with seven water molecules. Thus, the complexes between caesium 
chloride and mercuric chloride could be given the following formulae.* 



■ CK /HgCl*"] T /Cscr 

CsCWHg^^-HgCl* Cl- ; >Hg<' Cl- . 

_HgCl*/ \HgClJ+ LCsCl'" '•■CsClJ+ 

In the same way, the known complexes between potassium chloride and mer¬ 
curic chloride could be given formulae accounting for their properties and their 
composition. 

It is seen, then, that some complexes wotUd be non-electrolytic molecules, 
while others would form ions in solution. 

That mercuric chloride forms complexes easily has been weU known. 
H. Ley*, for instance, in order to explain the acidity of an aqueous solution 
of mercuric chloride, suggested that hydrolysis takes place according to: 

. 2 HgCl* -I- H *0 5=t (HgCl )*0 + 2 H+ 2 Cl- (7 

or HgCl, + H *0 :i=±: HgClOH + H+ + Cl" (8 


^ Urbain and Ste 4 chal: “Introduction k la Chimie des Complexes.” 

* H. Ley: Z. phyeik. Chem.', 30 , 226 (1899). 

’ llie formula CsHgCli-HtO Seems mote likdy than CsHgCU t^cvea. by Welb. 
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An aqueous solution of mercuric chloride turns methyl red to red, but, 
after addition of a neutral solution of an alkali chloride, the methyl red turns 
yellow; that reaction can be explained by the removal of mercuric chloride 
from the solution thanks to the formation of a complex compound between 
mercuric chloride and the alkali chlorides added, so that in reaction (8) the 
equilibrium is shifted to the left, thus diminishing the concentration of the 
hydrogen ions. 

If we consider the polyhalidic salts of the alkali metals we see that their 
stability depends on the nature of the metal and is directly proportional to 
its atomic volume. Since many properties of the ployhalides are characteristic 
properties of double salts, and, since as was pointed out above, the decomposi¬ 
tion of mercurous chloride increases when the atomic volume of the alkali metal 
increases, the parallelism which is found between the solubility of mercurous 
chloride and the stability of the polyhalide salts of the alkali metals confirms 
our views according to which the decomposition of mercurous chloride is 
followed and exalted by the formation of complexes. 

It might be mentioned also, as Abegg has shown, that the tendency to 
the formation of higher polyhalides increases in the order Li, Na, K, Rb, Cs, 
which is the same order as the order of the metals in the periodic system and 
also the order of the decrease in solubility of the platinichlorides and other 
slightly soluble salts like the alums.^ According to Abegg and Bodlander^ 
the tendency which an element exhibits to form complex compounds depends 
largely upon its electro-affinity. The electrolytic potential is assumed to be 
an approximate measure of that quantity. The electrolytic potential shows 
a certain relationship to the atomic volume, the two quantities being roughly 
parallel in any given group in the periodic system. Abegg^s views may be 
compared to J. Kendairs conceptions. Kendall® showed that ‘‘solubility 
parallels compound formation,” and that, for binary inorganic mixtures, at 
least, “compound formation is fundamentally dependent upon diversity in 
character of the two components.” The problem we are treating may be 
compared to the phenomenon of the solubility of AgCl which has been treated 
by Kendall® among many other authors. As the solubility of Ag(>l is explained 
by the complexes fonned, so it may be in the case of Hg2Cl2 whose solubility 
should exceed the calculated value by an amount dependent upon the stability 
of the complex compounds formed between HgCL and the added chloride, MCI 
or upon the attraction for one another of the constituents of the compounds 
formed: or in other words, upon the diversity in the positions of the radicals 
Hg-H- and M+ in the electrode potential series. It would be expected that the 
solubility of Hg^CL woul<|{jbcrease more and more above the normal value as 
the radical M+ is more efectro-positive. This is the case with the solubility 
of AgCl studied b^||orbes^; in that case indeed the solubility is tremendously 

^ Cf. Locke: Am. tjhem. J., 26 , i66 (1901). 

* Abegg and Bddlander: Z. anorg. Chem., 20, 741 (1899); 39 , 333 (1904). 

® J, Kendall: Proc. Nat. Acad. Sci., 7 , 56 (1921). 

*G. S. Forbes: J. Am. Chem. Soc., 33 , 1937 {1911). 
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increased, the order being H, Ca, Na, Sr, Ba, K, this order being etxaotly ik» 
dectrode potential series; but edth HgtCl* the situation is somewhat drSermt; 
the influence of MCI or M'Clj on the solubiUly of mercurous chkaide inr 
creasing in tibe order; Li, Ca, Ba, H, Na, K, Cs, the order of the atomic 
volume being Li, Na, Ca, Ba, K, Cs. 

In the case of PbCU,* the solubility ordmr is H, Na, K, Li, at the lowest 
concentrations, and H, K, Na, Li at the highest concentrations. 

The electrode potential does not seem, therefore, to be more than a some^' 
what coarsely approximate measure of ccnnplex formation. 

Some recent work on the complexes of mercury must be considered here 
and compared to the speculations discussed above. 

Shibata and his co-workers^ studied the compluses of mercuric salts in 
solution by a spectroscopic method. They found that there were complexes 
between mercury and most metals. According to them, the complexes cor- 
rei^nd to the following formulae: 

For univalent metals [HgCls(HsO)] M+ or [HgCl3(HjiO)s] M+; 

For bivalent metals [HgClJ" M+^; 

For tervalent metals [HgCl5(H20)]= M+++ 
while HgCl* did not give positive results with chlorides of Ca, Sr, Cr, Fe. 

Professor P. Job* in a very interesting and general treatment of imperfect 
complexes in solutions exposed his methods developed independently of 
Shibata, and based on the absorption of light by the solutions considered. 
The results of Professor Job are interpreted on the assumptions that the 
law of mass action holds good for the forihation of complexes and their equilib¬ 
rium, and also that only one complex is formed. Thus it seems to be certain 
that a complex corresponding to HgCl«K exists in solution. It is remarked, 
however, that there might be several complexes, among them one correspond¬ 
ing to HgCLKs. 

F. Bourion and E. Rouyer* wanted to find an interpretation of a kinetic 
anomaly in the reduction of mercuric chloride by sodium formate. They 
thought that the anomaly was due to a complex between the two salts and 
set to study complexes by ebullioscopic determinations. They point out 
that Benrath* had deduced the formulae HgCl4Na2 and HgCl«K4 for the com¬ 
plexes of mercuric chloride with NaCl and KCl respectively, from his deter¬ 
minations of the lowering of the freezing point and of the raising of the boiling 
point of the solutions concerned. 

Linhart* had pointed out that the reaction goes on after the addition of the 
quantity of salt corresponding to the composition of the complex, so that he 
concludes that the formulae given for the complexes were somewhat doubtful. 
When one keeps in mind that several complexes can be formed between mer- 

‘ Kendall and C. H. Sloan: J. Am. Cbem. Soc., 47 ,3306 (1925). 

* Y. Shibata, T. Inouye, and Y. Makatsuka: Jour. Chem. Soo., Japan 42 , 9S3-1000 
(19*1). 

* P. Job: Compt. rend., 182 ,1622 (1036);.Ann. Cfaim., 9 , itx, (1^8). 

* F. Bourion and £. Rouyer: Ann. Cnim., 10,183,363 (1936). 

* Loc. dt. 

•G. A. Linhart; J. Am. Ghem. Soc., 38 ,1973 (1916); 39 , 35OI (1917). 



DECOMPOSITION OF MEBCUBOXTS CHDOBIDE 


949 


curie chloride and potassium chloride, possibly three, as was said above, one 
understands the apparent anomalies which were thought of in the preceding 
considerations. 

The effect of HCl on the electrode potential at the contact Hg/Hg^CU 
was studied very exhaustively by Carter and his co-workers,* who took ac¬ 
count of the results of T. W. Richards and Archibald. The works of Sauer, 
and also of Tolman and Ferguson,^ as well as that of Ellis* are pointed out as 
bearing on the question and confirming the preceding speculations and ob¬ 
servations. 

M. Randall* admits that the reproducibility of the measurements of the 
hydrogen-calomel cell is not so great as that of the hydrogen-silver chloride 
cell. He points out that Gerke* had observed that air causes an error of 
o.ooio to 0.0030 volts m the potential of the hydrogen mercury calomel cell. 
It has been seen above, however, that the experiments of Richards and also 
those of Hada show that air does not affect the equilibrium HgiCl2:^=± HgCU 
+ Hg. In view of the proceeding observations on the decomposition of mer¬ 
curous chloride, it seems that much of the work which had been done with the 
calomel electrode might be somewhat invalidated. 

Indeed, in the calculation of activity from electro-motive force measure¬ 
ments, use has been made of concentration cells without liquid junction and 
the following formula has been applied.** 

2 RT In a ± = —F (E—Eo) 

but it must be remembered that the formula holds if it is assumed that the 
electrical energy which is evolved by such cells corresponds only to the change 
of free energy at constant pressure and temperature which is brought about 
when the electrolyte is transferred from a solution of molality m to a solution 
of molality m' which is in the standard state, but where, neither the change 
of solubility of mercurous chloride with the concentration of the electrolyte 
nor the decomposition of mercurous chloride is taken into account. Of 
course, at low temperatures and at small concentrations, the solubility of 
mercurous chloride can be considered as being practically independent of the 
concentration of the electrolyte; but when the conditions are different from 
the above conditions, such is not the case. For instance, among the many 
works of a similar kind, I find the works of M. Randall and G. F. Brecken- 
ridge^ who used calomel cells with electrolytes for which the molality is as 
great as 1.5 or 1.75 at 2S®C. M. Randall® has pointed out very clearly indeed 
the distinction between the thermodynamic treatment of a problem and a 
treatment which explains the phenomena by proposing mechanisms. While 
that distinction between the sciences of principles and the explicative sciences 

^Carter, Lea and Robinson: J. Chem. Soc., 131 , 1906; Carter and Robinson: 1912 
<IW)* 

^Tolman and Ferguson: J. Am. Chem. Soc., 34 , 232 (1912). 

’EUis: J. Am. Chan. Soc., 38 , 737 (1916). 

^M. Randall a^dL. E. Young: J. Am. Chem. Soc., 50 , 991 (1928). 

‘Gedce: J. Am. Chem. Soc., 44 , 1684 (1922). 

•a. G. N. Lewis and M. Randall: ‘Thermodynamics/^ p. 333- 

7 M. Randall and G. F. Breckenridge: J. Am. Chem. Soc., 49 ,1435 (1927). 

< M. Randall: Trans. Faraday Soc., 23 ,498 (1927). 
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i0 very legitimate, it seems, however, that one must take account of what 
actoaUy takes place; otherwise, the application of thermodynamics hecmims 
a mere obtention of figures which express very little if the assompticms made 
are not justified. For dilute solutions, on the other hand, the applica^n of 
thermodynamics in the proper cases is very illuminating, as in the accurate 
work of GUntelberg^ who measured the activity coefficient of HCl in solu¬ 
tions of liCl, NaCl, KCl, CsCl at a total concentration of o.iN in Cl“, with 
the help of AgCl cells. His results as well as the considerations on which he 
based Ms explanations’’ show that the differences in the activity coefficients 
of a sparingly soluble salt in two salt solutions would be independent of the 
nature of the sparingly soluble salt, when the two electrol}rte8 which consti¬ 
tute the mixture have an ion in common. The value of osmotic coefficients 
can help one to predict what takes place. BrOnsted calculated the osmotic 
coefficients of the alkali chlorides at certain concentrations and found that 

> <PNaCl > <PKC1 > <PaCl • 

Thus it is expected that a sparingly soluble salt will be less soluble in LiCl 
than in NaCl, less in NaCl than in KCl, and less in KCl than in CsCl. But, 
as was said above, those simplif3dng generalities cannot be applied to mer¬ 
curous chloride when the concentration and the temperature are such that 
the situation is much more complicated than it was assumed. 

The use of the decinormal calomel electrode proposed by Richards to ob¬ 
viate the dangers of the decomposition of mercurous chloride shows the ad¬ 
vantages obtained by dilution.* 

Acknowledgment for financial assistance is made to an anonymous bene¬ 
factor of this Laboratory and to the Carnegie Institution of Washington. 

6. Summary 

The results of the present paper may be siunmarized thus: 

1. The decomposition of mercurous chloride in concentrated solutions 
of LiCl, KCl, CsCl has been studied. 

2. A general treatment of the question seems to give a greater under¬ 
standing of the phenomena. 

3. Explanations of some irregularities of the calomel cell are given, as 
well as the way to remedy them. 

4. Caution is required of analysts who use HgtCL to titrate mercury in 
solution. 

5. The use of calomel in medicine seems to present dangers. 

Wolcott Gibbs Memorial Laboratory, 

Cambridge, Massachutsetts. 

‘ E. Gtintelberg: Z. physik. Chem., 123 , 199-247 (1926). 

* Cf. Bronsted: J. Am. Chem. Soc., 4 ^ 877 (1922); 45 , 2898 (1923). 

’ It is interesting to point out that Harold A. Fales and W. A. Mudge, in a curious 
article [ J. Am. Chem. Soc., 42 ,2434 (1920)] recommended the use of the saturated potassium 
chloride calomel cell. 

It is suggested that o.iN solutions of liCl might be used for the calomel electrode 
instead of KCl, for there would be less danger of decomposition of mercurous cUoride. 
The salt bridge used in cells might then be made of dilute laCl in order to avoid the dangers 
of di^tmon. To be sure, however, LiCl has over KCl a dimlvanti^a^ resulting from ^ 
great differences in molality of the ions Li’*' and Cl* but, by using a dilute solution, exact 
coitections could be applied. 



A SIMPLE CENTRIFUGAL FILTRATION DEVICE FOR PURIFICA¬ 
TION OF SMALL AMOUNTS OF MATERIAL 
BY RECRYSTALLIZATION* 


BY EVALD L. SKAU** 

In the purification of a chemical compound by recrystaUization the 
effectiveness of the process depends on the completeness of the separation of 
the crystals from the mother liquor. Ordinary filtration is obviously very in¬ 
efficient. In the first place, considerable mother Uquor is inevitably retained 
by the crystals mechanically, for even when suction is applied, air channels 
tend to form. Secondly, more or less evaporation of the mother liquor takes 
place not only during the filtration proper but also during the previous cooUng 
with the consequent formation of a crust or ring of impure crystals at the top 
of the solution. This is of course of paramount importance when volatile 
solvents are used or when for some reason the filtration is carried out above 
room temperature. Ordinary filtration has the further disadvantage: (i) that 
it involves considerable loss of material unless special precautions are taken; 
and (3) that there is a large chance for contamination of the crystals by dust 
particles, or by moisture in case the substance is hygroscopic or in case the 
filtration is carried out below room temperature. All of these factors become 
much more serious when small amounts of materials are being dealt with. 

The centrifugal filtration tube here described overcomes in large measure 
all of these common difficulties and is particularly desirable: (i) since it is 
extremely simple; (2) since filtration even at temperatures of —100® may be 
carried out with as much ease as at room temperature; and (3) since the 
weight of the crystals and of the mother liquor can be quite accurately de¬ 
termined, a fact which at once suggests a large number of applications. 

It consists (see Figure la) of a heavy 25 to 40 mm Pyrex tube. A, closed 
at the bottom and having a slight constriction at B upon which the perforated 
glazed porcelain disc C rests. E is a stiff Nichrome wire fastened to the disc 
and extending up to and pressing against the rubber stopper D. 

After a filter paper is placed over C and folded well down around the 
edges, it is pushed down upon the shoulder B, the disc fitting fairly snugly to 
the walls of the tube. The solid to be recrystallized is now introduced and 
enough solvent added to dissolve all of it at the higher temperature to be 
used. The stopper is then quickly inserted and the tube turned upside down 
in a bath a little above the required temperature. Any liquid which ran 
through the disc before inverting will run back while heating. When solution 

* Contribution from the Department of Chemistry, Yale University. Constructed 
from Part V of a dissertation prepared under the direction of Blair Saxton and submitted 
to the Graduate School ci Yale University, June, 1935, in candidacy for the degree of 
Doctor of PhaoBophy. 

** DuPont Fellow, 1924-35. 
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is complete the tube is cooled to tiie desired temperalaire by immeramg it in a 
suitable batih. The tube is l^ten quickly rioted and centrifuged immediatdy 
at about sooo r.p.m., a siinilar tube of tiie smne n%i|^t baiuBg been,prenoudy 
placed in the oppodte cup. The liquid is thus thrown into the lower chamber 
before the temp^ture has changed appreciably. The solid is l^t on the disc 
and can be lifted out with it by means of the wire E. The wire fdso serves ihe 
piupose of supporting the disc when the tube is inverted. It is sometimes, 
unnecessary to cover the disc with filter paper. 



Fio. t 

Contrifugal filtration Tubes 

Two modifications of this device axe also shown in the diagram. Modifica¬ 
tion b is all-glass and has a ground-^ass joint F above the disc. In modifica¬ 
tion c the ground-glass joint F is below the disc and the inverted glass tube I 
fits between the disc and the stopper as shown, the wire E being omitted. 
The procedure is much the same as above except that in the case of modifica¬ 
tion c the solution is in tube I until immediately before centrifuging and thus 
the stopper cannot be attacked by the solution. This modification has tire 
added advantage that the wei^ts of the soUd and of tlm mother liquor can 
be obtained without removing either from the apparatus since the liquid is 
collected in the lower section G and the crystals rmain bdiind on the disc 
in the upper s^ion H. This form is thus particularly apidicable to the 
determination of approximate solubility. 

AppUcation to Low-Temperature BeerystaUmiion. Probably the most 
important application of this device is in the isolathm a compound from an 
ofly liquid from which it cannot be separated by dils^BafiidB, a ocmdition oftot 
met with by the organic chemist. ordinary methods of low-tempoRatuxe 
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filtration are very tedious and unsatisfactory but by the present method no 
more difficulty is encountered than in a separation at room temperature. 
The crystallization is carried out by inserting the centrifuge tube in one test 
tube fitting inside another which in turn is immersed in a suitable cooling 
liquid in a Dewar vessel. The sample is shaken occasionally by hand and 
when enough solid has separated the centrifuging is carried out in the ordi¬ 
nary way except for the fact that the metal centrifuge cup is previously cooled 
by direct immersion in the cooling liquid. The crude product so obtained may 
then be recrystallized from a low-boiling solvent as many times as necessary 
at any desired temperature below o®. 

This method can be used in all cases where the crystals separating out re¬ 
main solid long enough so that they can be removed from the apparatus before 
melting In this way, for example, it was found possible to separate meso-2-5- 
dichlorohexane from a yellow oil, a crude mixture of the meso and the racemic 
or d -1 forms. One centrifuging at about — 50® followed by a single recrys¬ 
tallization from pentane at about the same temperature gave a perfectly 
white crystalline product which melted at 20® after the residual pentane had 
been removed by heating. The meso form had never before been isolated.' 
It is obvious that by properly controlling the temperature of the centrifuge or 
by lagging the temperature of the centrifuge cups, it would be possible to use 
this method for the isolation and purification of substances whose melting 
points are well below o®. 

Application to Systematic Fractional Crystallization. The large chance of 
contamination, the inevitable loss of material and the tediousness involved 
in the filtration method makes it undesirable for use in systematic fractional 
crystallization. In their work on lead nitrate for example, Richards and Hall* 
used decantation entirely. This is suitable in the case of an inorganic salt 
but is extremely inefficient when the crystals tend to form in a voluminous 
and absorbent mass throughout the solution as is the case with most organic 
compounds. In fact, an actual comparison was made in the case of meta¬ 
dinitrobenzene and it was found that to attain the same degree of purity 
three times as many successive recrystallizations were necessary when decan¬ 
tation was used as when the centrifugal filtration tube was used. The time 
factor is of course even greater. 

Modification b is perhaps the most suitable form for general use for this 
purpose. The procedure is very simple, the crystallizing, redissolving and 
centrifuging being performed on all of the fractions simultaneously. The sub¬ 
stance is first dissolved and filtered to free it from any dust or foreign matter, 
and then divided into say six approximately equal portions (five successive 
crops of crystab, using decantation, and the remaining mother liquor). These 
are introduced into the tubes numbered in the order of their purity '^i'^ to 
'*6'^ respectively. After the correct amount of solvent has been added to each, 

^ For further details ccnceming the prep^ation and other properties of this compound 
see paper by Dr. Frank Cortese (to be publiidied soon) to whom we are indebted for sup* 
plying the sample. 

* Richards and Hall; 1 . Am. Chem. 8oc., 39 , 531 (1917). 
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as described above, the tubes are aU heated, cooled and then centrifuged. 
In separating the tubes at the ground joint it will be found that practically all 
of the ciystals remain in the upper part due to the taper of the joint and the 
rest can be readily lifted out on the disc. The liquid in the lower part of 6 
is now put into the lower part of another tube, 7, t!^t from $ into 6 uid so on 
fresh solvent being added to tube i. The tubes are now reassembled and 
inverted* and the cycle repeated as before. 

The crystals obtained become purer and purer with each cycle, that in 
tube I usually being the purest. When i is considered pure enou^ or has 
become too small in amount to work with conveniently, it may be omitted 
from the following cycle after which the crystals in 2 may be comlwed with it, 
having undergone the same number of recrystallizations, and so on.* 

Summary 

A “Centrifugal filtration tube” has been described for use in separating 
liquids from solids at a definite temperature. Its chief advantages are: (i) its 
simplicity; (2) its efficiency; and (3) its adaptability to separations below 0°. 
It is particularly applicatde to systematic fractional crystallization when only 
small amounts of material are available. Meso-2>5-dichlorohexane has been 
isolated by means of this device. 

Triniiy College, 

Hartford, Conn. 

^ If the liquid does not run through the disc readily upon inverting, it can be hastened 
by alternately cooling and heating the other chamber. 

’ For a more complete discussion of mrstematic fractional crystallization the reader is 
referred to articles by Richards and Hall (loc. cit.) and by Dennis and Wyckoif: J. Am. 
Chem. Soc., 42 , 985 (1920). 



AN ALL-GLASS CIRCULATING PUMP FOR GASES* 


BY ROBERT LIVINGSTON 

A double-acting modification of the electromagnetic pump of Porter, 
Bardwell, and Lind^ has been described by Funnell and Hoover^ in this journal. 
While this pump has the advantage of greater capacity and more positive 
action, its horizontal construction greatly increases the friction between the 
piston and cylinder. 

To overcome this defect a vertical double¬ 
acting pump has been constructed, the de¬ 
sign of which is indicated in the diagram. 

The cylinder is 35 cm long, with an internal 
diameter of i.o cm. The piston is 10 cm long, 
and contains several lengths of soft iron wire. 

The valves were made as described by Porter, 

Bardwell, and Lind. The solenoids are each 
7.5 cm long, and are separated by fiber disks 
I cm thick. They are activated, in succes¬ 
sion, by means of a commutator .system. This 
arrangement permits the use of either direct 
or alternating current. 

When adjusted to make sixty complete 
strokes a minute, this pump forces air at at¬ 
mospheric pressure against a head of 0.5 
cm of water at a rate of 65 liters per hour. 

The capacity of the pump is greatly in¬ 
fluenced by the accuracy of its construction 
and by the adjustment of the resistances, and could probably be increased as 
much as two fold by careful attention to these details. 

This type of pump may be used with undiminished efficiency for gases 
saturated with water vapor, if the valves are kept at a temperature of 35 or 
40®C. This may be easily accomplished by the use of simple resistance-wire 
heaters. 

The ease of construction and adjustment, which Funnell and Hoover claim 
for their pump, applies equally well to the one described here. Pumps of all 
three types are equally adjustable to the same wide range of pressures. The 
chief advantages of the new design, relative to that of Funnell and Hoover, 
are lowered frictional resistance and a decreased sensitivity to the presence 
of saturated vapors. 

Minneapolis, 

Minnesota. 

* Contribution from the School of Chemistry of the University of Minnesota. 

’ F. Porter, D. C. Bardwell and S. C. Lind: Ind. Eng. Chem., 18,1086 (1926). 

* W. 8. Funnell and G. I. Hoover: J. Phys. Chem., 31 , 1099 (1927). 
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Ice Engineering. By Howard Barnes. 23 X 15 cm; pp. ii + 364^ Montreal: Renovf 
Publishing Co.j 1928. More than twenty years ago Mr. Barnes wrote: “I have every con¬ 
fidence that a thorough understanding of the laws underlying the formation of ice will lead 
to methods, as it has already done in part, which will so temper the effects of ice in our 
northern rivers as to render them no longer a bar to the full development and utilization of 
our vast water powers.*^ 

The chapters are entitled: equilibrium of the ice-water system, colloidal ice, the crystal 
structure of ice; physical constants of ice; rates of growth and melting of surface-formed ice; 
theories of the formation of anchor ice; frazil ice, winter ice floods; ice remedial work; ice 
pressure and expansion; ice navigation and ice breaking; conservation of heat in lakes and 
rivers for ice prevention; glacier ice and icebergs. 

The author accepts Sutherland's view that liquid water contains no monohydrol even 
at the boiling-point, and that we have 37% trihydrol at the freezing-point, p. 6. 

“In the glacier ice we find pressure cracks often filled by melted glacier ice which has 
freed itself of air and comes from the purest form of ice. This refrozen mass gives the 
deepest blues so characteristic of the blue streaks in an iceberg. The green ice of an iceberg 
is the compressed glacier ice before the air has been expelled or freed from the interior of 
the ice mass. The presence of the air molecules in the ice changes the scattering resonant 
ratio and gives the changed hue. It is highly probable that Prof. Raman is correct, and 
the color of ice is due to the large molecules, while the color of water is due to the pres¬ 
ence of the ice molecules in solution. The glacial ice of icebergs is interesting because 
it shows no large crystal structure, being merely a mass of snow or frost nuclei grown to 
large dimensions. It is what we will call pressure ice as contrasted to thermal ice formed in 
a river or lake. Pressed down into a compact mass on the great ice plateau of Greenland 
the entangled air in amongst the snow and frost for countless ages is pressed into the ice 
and held in solution imtil the pressure is relieved as the icebergs melt. This air comes 
out in great quantities from iceberg fragments. The writer has shown that the amount 
of air carried by an iceberg is from 7 to 15% of the total mass and causes it to float much 
higher out of the water than ordinary ice would," p. 9. 

When ice evaporates slowly, the latest heat of vaporization is about 700 calories, p. 32. 
When ice evaporates rapidly the corresponding figure is about 610 calories. The author 
believes that ice evaporates as a polymeric vapor, which is the same conclusion that Wood 
reached in regard to liquid mercury. The specific heat of water drops rapidly from —8® 
to about 40® and then increases as the temperature rises. The specific heat at 15®-!6® is 
almost exactly one-himdredth of the specific heat between o® and 100®, p. 38. The presence 
of ice molecules in water explains completely the rapid decrease in the specific heat of water 
as the temperature rises, as well as the maximum density point. “In the first case, super¬ 
imposed on the heat energy necessary to cause an expansion of the molecules as the tem¬ 
perature rises, we have the heat absorbed in breaking up the molecules of ice (trihydrol) to 
form water-molecules (dihydrol). The relative amount of ice-molecules grows less as the 
temperature rises, and consequently the specific heat apparently grows less. At 37®C. 
there is an exact balance between the two effects, the normal increase in the specific heat, 
and the decrease in the heat absorbed in breaking up the ice-molecules." 

“The manner in which one ice changes into another is truly remarkable. We know that 
water freezes slowly or that ice melts slowly, but some of these kinds of ice will change into 
another kind so rapidly that the reaction reminds one of an explosion. For instance, if ice 
I changes to ice Ill at —25®, the reaction takes place so suddenly that it is impossible to 
follow the change of pressure which takes place after the reaction. On several occasions 
a click in the apparatus has occurred when the transformation took place, so rapid was it," 
P-90. 

“The fact that ice 1 gives place to ice II at a certain pressure has one practical apidica- 
tion. We have often heard of the immense pressures developed when water is allowed to 
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freeze in a closed vessel. Burst water pipes are a familiar example of this, and there are also 
well-known experiments in which cannon balls have been split open by freezing water. It 
is of interest to inquire how much pressure might be reached in this way. The diagram fur¬ 
nishes an answer to the question, as it shows that if the pressure on the ice during freezing 
should rise to much over 2000 kgms., corresponding to 30,000 pounds per square inch, the 
ordinary ice would change to ice III, which has a much less volune, so that the ice would tend 
to shrink and the rise of pressure would be arrested. Thirty thousand pounds per square 
inch is, therefore, the highest pressure that can be obtained by freezing water in a closed 
space,P* 91* 

*^Anchor ice grows so rapidly during periods of excessive nocturnal radiation and low 
humidity that it may attain a thickness of five feet or more during the night. So compact 
does it become, that it is often very difficult to thrust a sounding rod through it. It is granu¬ 
lar and plate-like in structure. Through clear water the ice looks like weeds with long 
tentacles rising up out of the mass. It often haa great power to lift rocks and boulders up 
bodily, and many of these are carried far downstream attached to irregular masses of ice. 
The spongy character of adhering frazil crystals attached to anchor ice, or the underside 
of a surface sheet, causes them to accumulate slime from the water. The characteristic 
color of these masses is brown. When melted in a vessel the slime settles to the bottom, 
where it is seen to be of a very fine structure consisting probably of infusorial growth,^^ p. 98. 

“Anchor ice is, as has been pointed out, a product of the great nocturnal radiation under 
8 clear sky whenever the weather is cold. In the early morning, however, the first light 
which tinges the eastern sky causes the ice to rise, before even a delicate thermometer can 
detect any temperature change in the water. Thousands of tons of ice are brought up from 
the bed of the St. Lawrence river every morning in winter in the open reaches, and are floated 
down stream to add their quota to the great packs at restricted points,” p. 105. 

‘^This remarkable influence of the sunrise on ice was the occasion of the 'writer’s first 
conceiving the idea of using artificial heat for destroying ice. During a two weeks’ obser¬ 
vation of a single iceberg off the coast of Newfoundland, it was remarked how much cracking 
was heard in the period from darkness to dawn, and how during this time large pieces came 
off. The day witnessed no such effects, and the heat of the sun was washed off by the 
running water from the melting surface. At night the iceberg dried, and the surface became 
cold and hard again. As morning approached much fog wns precipitated on the ice, and 
when the light first appeared the cracks started again. The sunlight was able to penetrate 
the ice surface, setting up strains in the huge mass which contributed to its destruction,” 
p. 106. 

“It is highly probable from the experiments now" in progress that some form of selective 
radiation will be found of high photochemical activity, which will imitate sunlight in de¬ 
stroying the ice-forming power of water by breaking up the trihydrol. Already a “sunrise” 
lamp has been made to bum under water, emitting powerful red, green and ultraviolet 
rays which are active in destroying ice,” p. 107. 

“During the time when the water is producing frazil, which is w'hen it is slightly super¬ 
cooled, there is a tendency for ice to adhere to all bodies immersed in proportion to their 
thermal conductivity and surface. Thus hemp rope will grow ice on it much sooner than a 
metal rope. This first layer of ice is like a slim precipitate w^hich is very tenacious. As 
time goes on, the ice builds up a thicker layer, more or less compact in proportion to the 
current of water flowing. In quiet water long needles gather and grow out until the whole 
rope is encased in a mantle of ice crystals and plates. In fast running water, a solid layer 
of clear ice is usually found, which resembles surface ice, and is thickest on the upstream 
side. One of the most interesting methods of determining the ice forming power of the 
water, is used at Holt wood, Penn., where it is the custom to hang a frayed rope in the 
intake of the power house. Long before other evidences of ice are present in the wheels, 
it is seen growing from this rope. It is stated that this simple test is much more sensitive 
than a thermometer, and thoroughly reliable, as a w^arning of approaching ice troubles,” 

p. 195. 
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treating the ice problem, even those with the oldest experience are inclined to regard 
the task of ice breaking from the wrong end. Anyone who views the ice accumulation in 
the river toward the end of the winter thinks rightly of the impossibility of coping with 
such masses. Where ice is prevented from accumulating and usually the task of prevention 
is not an insurmountable one, these large masses cannot form. It is the work of but a few 
days or less for the formation of the famous ice bridge at Cap Rouge, and yet it is the work 
of two months to break it down again, whereas the presence of an ice breaker during the 
first few days and after will prevent the bridge from forming altogether, and make the 
task of keeping the river clear at that point a simple one,’’ p. 229. 

^The air which has been pressed into the ice under the great pressure from the masses 
of snow, comes out when the berg melts and often causes explosions and loud disruption. 
This air is of great interest since it must have been stored for thousands of years. Ice water 
prepared from pieces of iceberg ice will effervesce very much like soda water,” p. 233. 

In all, three icebergs were treated with thermit. **Only one charge of 100 pounds was 
placed in the first berg, but this reacted perfectly, causing a very powerful explosion of the 
ice, which disintegrated a great part of the large plateau. Immediately after cracks were 
heard which continued all during the evening, and towards morning, about 2 o’clock, a 
very loud cracking awoke many people in the village. On visiting the berg the next day 
a great part of the inside had come out between the thermit hole and the main cliffs and 
most of the plateau, 400 feet long, was gone. In two days the disruption thus started went 
on and the iceberg once so grand and firm became a poor shadow of its former self, breaking 
up rapidly and turning nearly completely over. No other charge was put in to complete 
the disruption, for the writer did not like the look of the ice and thought it more prudent 
to try other beigs. 

^The second iceberg treated was one grounded in Jenkin’s Cove in Twillingate harbor. 
This was selected in order to give the poeple of the village a chance to see the beautiful 
sight of a burning iceberg. A natural ampitheatre was provided by the high cliffs all 
around the cove. During the day a large charge of thermit, 500 pounds, was sunk into the 
ice and in the early evening just at sundown it was fired. Those who saw the spectacle 
will never forget the wonderful sight as the charge roared and flamed hundreds of feet into 
the air with the exploding ice scattering fire and sparks for hundreds of feet on either side. 

“Vesuvius in eruption was the nearest approach to this unique sight. The effect on the 
ice was the same as before. The explosion disrupted a great deal of ice, but the intense heat 
wave cracked and honeycombed the mass and during the night and all the next day the 
berg continued to fall to pieces, rolling to one side and the other as the mass was lightened 
by the falling pieces. An attempt was made the next day to put a charge of high explosive 
on the ice to see what a sudden shock would do to the rotten ice, but a large mass fell into 
the sea directly in front of the dory and it was considered far from safe to venture on. 

“The third experiment was made on a medium-sized berg off the North Island. Thi® 
was grounded alongside of three icebergs and from its massiveness and shape served ou^ 
purpose very well. It had the appearance of an inverted tea-cup. The ice was very hard 
and firm and showed no sign of disintegrating. Two charges were put off on the very peak 
of this berg, one of 60 pounds and the other of 100 pounds of thermit. Both charges ex¬ 
ploded the ice but no ice was knocked off by the force of the explosion. This occurred 
about six o’clock in the evening. In the morning the writer with his party visited the 
spot to inspect the result of the treatment, but the iceberg had disappeared and could not 
be found for a long time, until sufficient evidence was found that it had not floated away 
from the spot because a fragment was located floating in the vicinity which contained marks 
of the thermit slag together with a part of the hole made for the thermit can half submerged 
under the water line. This hole had been cut on the top of the berg 30 feet above the water 
line and been blown out funnel-shaped by the explosion, easily located by this peculiar 
shape. The three other icebergs in this place were still in position and had not broken up. 
No better evidence of the peculiar nature of the heat action could be found. The writer’s 
party left for home that night well satisfied with the results of the experiments. 
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“There is no question of the wonderful effectiveness of the heat treatment to control 
iceberg menace, for the action of the thermit heat units are most effective in the hardest 
and most resistant ice masses. Our experiments with high explosives verified the results 
obtained by the U.S. Coast Guard that they have little or no effect on these solid masses 
of ice. The action of the heat is quite different; it sets up the thermal expansion strain 
which causes innumerable cracks and fissures through which the sun and melted ice water 
gain access, causing the falling apart of the ice wherever the heat has been applied,^ p. 337. 

Wilder D. Bancroft 

The Determination of Hydrogen Ions. By William Mansfield Clark. Third edition. 
S 3 X 15 cm.^ pp. 717 . Baltimore: Williams and Wilkins Company, 1928 . Price $ 6 . 60 , 
In the preface of this edition, the author says, p. ix: “Within the past twenty years methods 
of determining hydrion concentration have served well in the exploration of many and 
divers subjects. But the period of general exploration is drawing to a close and long ago 
there were begun exact studies of equilibria or of kinetic events in which hydrions participate. 
Refinement of technique, variety of method, and elegance of formulation are in greater 
demand. Accordingly there have been added in this edition chapters or sections bearing 
upon each of these aspects, and the old text has been almost entirely rewritten to conform 
to the revised presentation.” 

In the preface also the author shows graphically how varied and extensive are the 
applications of the technique, the methods, and the special forms of theory dealing with 
his subject. In the years from 1911 to 1927 the number of papers abstracted in Chemical 
Abstracts and dealing with hydrogen ion concentration rose from 70 to about 1470. This 
interest is reflected also in the demand for this book which has led to seven printings in 
eight years. 

There are thirty chapters dealing, for the most part with the same subjects as were 
found in the second edition and in about the same order. New chapter headings include: 
the application of spectrophotometry, colorimetry, etc.; on changes of free energy; the 
quinhy drone and similar half-cells; metal oxide electrodes, the gas electrode, the oxygen 
electrode; temperature coefficients; the theory of Debye and Hiickel; elementary theory of 
titration; non-aqueous solutions. 

The book is designed to appeal to many classes of scientific workers. It includes de¬ 
tailed description of apparatus, manipulative directions, theoretical and mathematical 
developments, thirty-eight pages of applications and eighty-six pages of bibliographical 
references. In spite of the abundance of material the lack of unif>dng gencrahzations is 
marked. There seems to be no agreement on the best way to prepare so simple an apparatus 
as a reliable and efficient hydrogen electrode. Many procedures arc outlined as having 
worked well in some conditions but no one knows reasons for failures in other cases. The 
worker in this field must guard against innumerable sources of error, known and unknown, 
and trust that no new ones enter. He then joins the author in hoping for that genius who 
will some day present the subject, “with brilliant simplicity and withal rigidly.” 

The methods of approach taught in this book are of increasing usefulness. It would 
appear, however, that extensions of the field w’ould be even m(»rc rapid if, for example, the 
V>uffer solutions could be made even more resistant to change. Possibly this is another way 
of saying that little is known about the hydrogen ion determination in concentrated solutions. 

This new book is a worthy successor to the earlier editions and will, no doubt, continue 
to instigate and guide many investigations in many branches of science. 

Herbert L. Dans 

A General Discussion on Homogeneous Catalysis held by the Faraday Society, Sep¬ 
tember, 1928 . 25 X 16 cm; pp. 200 . Aberdeen: The University Press. Price: 15 shillings, 

6 pence. The pat)ers and discussion included in this volume on Homogeneous Catalysis 
give a very clear idea of the present position of the theory and practice of the subject. 
It brings together the views of chemists as to the meaning of the varied phenomena of 
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catalysis. We see in this voiiime ideas based on kinetic and statistical theories, in militant 
jnxta^position to those which^>^have their origin in the theory of electrolytes and in the 
structural conceptions of orga^ c^hemistry. Also in some papers there can be perceived 
an inclination to explain the f^nomena of catalysis in tmms of thermodynamic con¬ 
ceptions. 

It is too much to expect that tl^ese ideas will be fused into one comprehensive theory 
as a result of the discussion, for each vie^^int has been gained as a restdt of experience in 
specialised fields of chemistry, each of which, requires for its development a specialised 
theory. However, the discussion should serve the useful purpose of breaking down what¬ 
ever isolation exists between workers in different fields. 

The kinetic and statistical aspect of catalysis is treated in papers by Hinis^elwood, 
Rideal, Polanyi, Christiansen, and Backstrom. This section of the discussion shows the 
wide range of applicability of the Christiansen theory of chain-reactions to the explanation 
of positive and negative catalysis, and to the explanation of the effects of inert gases on the 
velocity of chemical change. Backstrom employs this theory to explain the inhibition of 
auto-oxidation of organic compounds in aqueous solution, and Polanyi applies it to the 
explanation of the inhibition of chain-reactions in gases by bromine. The work of Semenofi 
shows how useful is this theory in the treatment of the phenomena accompanying the in¬ 
ception of fiame in a gaseous mixture. A paper by Hinshelwood on the influence of nitrogen 
peroxide on the union of hydrogen and oxygen sets forth an interesting case of trace catalysis. 

Papers by Boeseken, by Rice and Sullivan, and by Moureu are concerned with catalysis 
in reactions in organic chemistry. Moureu shows that anti- or pro- oxygenic catalysis 
occurs in a large number of cases of oxidation, and to explain their action, puts forward an 
intermediate compound theory of catalysis. Boeseken advances the view that dislocation 
of chemical linkings by a catalyst is the cause of changes in the velocity of reaction and 
discusses the effect of the catalyst on the constants in the Arrhenius relation, logek « 
—A/RT » B. Kendall and Harrison discuss the evidence for compound formation in the 
ester-water system. 

In the introductory paper to the discussion, Lowry points out the necessity for agree¬ 
ment on the main features of the catalysis by acids and bases, and in particular, recognition 
of catalysis by neutral salts. Brdnsted, Dawson, v. Euler, Hamed and Akerlfif, Lowry and 
Wilson, and Skrabal contributed papers to this section, and Lapworth, McBain, Giordani 
and others to the discussion. There was general agreement as to the impossibility of ex¬ 
plaining the so-called acid and basic catalysis solely in terms of the concentration of hydrogen 
and hydrogen ions, but there was great divergence in the methods adopted in explaining 
the abnormalities. The catalytic effects of ions other than hydrogen and hydroxyl and 
even of neutral molecules was admitted, and Brdnsted, in order to group all of the catalysis 
as acids or bases, puts forward a new theory of acids and bases. There was less agreement 
with regard to the explanation of the effect of concentration of electrolyte on the catalytic 
phenomena. There is a disinclination in some quarters to admit the usefulness of the 
Debye-Hiickel theory in the explanation of these effects. There was agreement as to 
the main facts, however. If the velocity of catalysis by an acid HA is given by 

r « kh[H+] + fea[A-] + fcmlHA), 

then it is recognised that the coefficients, kh, kat km, and the equilibrium consta nt 
are changed on the addition of electrolytes, either by an effect on the medium, or on the 
ionic hydration. Tlie regularities observed in the salt effects are illustrated by a large 
amount of experimental data. 

F. E. Gamer 


ERRATUM 

In Fig. 2 on p. 6 of the article by Messrs. Ferguson and Funndl, change F and W, Wr«, 
and B and W to F and F, Wr., and B and B* 
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